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ABSTRACT
Paired and m u l t i - s t r a in  cu l tu res containing phage-unrelated s tra ins  
of  l a c t i c  streptococci are widely used in phage control  schemes in cheese 
fac to r ies .  In fec t ion  of  such cu ltu res with phage w i l l  not normally 
markedly a f fe c t  acid production since the phage-resistant s t ra ins  w i l l  
continue to produce acid and enable cheese manufacture to continue. The 
work contained in th is  Thesis re la tes to a prev iously undocumented phage 
fo r  stv. lactis C2, 0C2(W), which when added to paired and m u l t i - s t r a in  
cu l tu res conta in ing C2 i n h ib i t s  acid production.
The phage was p a r t i a l l y  characterised with respect to  host range, 
plaque morphology, la te n t  period and burst s ize, p a r t i c le  morphology and 
the e f fec t  o f  temperature on re p l ic a t io n .  The phage which had a pro la te  
polyhedral head had a short la te n t  period (21 min) and was unusual in 
tha t  i t  formed plaques surrounded by haloes. This l a t t e r  property is  
ind ica t ive  o f  a lys in-producing phage.
fC2(W) lysates o f  C2 were shown to contain a l y t i c  agent which lysed 
both phage-sensit ive and phage-insensit ive la c t i c  s t reptococc i .  An assay 
method fo r  measuring l y t i c  a c t i v i t y  is described.
The l y t i c  agent was shown to be d i s t i n c t  from pa r t icu la te  phage. 
Centr i fugation and acetone p re c ip i ta t io n  both reduced the level o f  phage 
(99 and 95% respec t ive ly )  in 4^2(W) lysates without markedly a f fec t ing  
l y t i c  a c t i v i t y .  Ly t ic  a c t i v i t y ,  but not phage, was destroyed by mild 
heat treatment and was lo s t  a f t e r  chromatography on the dye l igand Green
A. Ly t ic  a c t i v i t y ,  but not phage, could also be washed out o f  ^C2(W) 
lysates using u l t r a f i l t r a t i o n .
L y t i c  a c t i v i t y  was demonstrated in c e l l s  o f  C2 in fec ted  w i th  fC2(W)
10 min a f t e r  in fe c t io n  and increased throughout the l a te n t  period reaching 
a high concentra t ion at  the r i s e  period. Control c e l l s  or c e l l s  in fec ted 
w i th  <j>712 did not demonstrate l y t i c  a c t i v i t y .  These re s u l ts  were in te rp re ted  
as showing th a t  the l y t i c  a c t i v i t y  in ^^2(W) lysates was phage induced 
and th a t  phage l y s in  could be involved in the release o f  phage from in fected 
cel Is .
Experiments designed to  determine the mechanism involved in the 
i n h ib i t i o n  o f  acid production o f  pa ired and m u l t i - s t r a i n  cu l tu res  by <j>C2(W) 
y ie lded  evidence tha t  the i n h ib i t i o n  was due to  the l y s i s  o f  the non- 
homologous s t ra in s  by a l y t i c  enzyme released from phage- infected c e l l s  
o f  C2. The s ign i f ica nce  o f  these re su l ts  to  s t a r t e r  se lec t ion  f o r  cheese- 
making and measures f o r  c o n t r o l l i n g  the nascent phenomenon are discussed.
The l y t i c  enzyme present in <f>C2(W) lysates was is o la ted  using ion- 
exchange chromatography, gel f i l t r a t i o n  and u l t r a f i l t r a t i o n .  The phage 
enzyme had an apparent pH optimum o f  6.5 - 6.9. The p a r t i a l l y  p u r i f i e d  l y s in  
was very heat l a b i l e  and was ra p id ly  inac t iva ted  a t  temperatures > 47°C.
An apparent temperature optimum o f  37°C was found and and Eg values over 
the range 22 - 32°C were 2.5 and 69.2 kO mole”  ^ respec t ive ly .
Monovalent and d iva le n t  cat ions ac t iva ted  the l y t i c  enzyme. Reduced 
sulphydry l  groups on the enzyme were required f o r  a c t i v i t y .  Unl ike lysozyme 
(E .C .3 .2 .1.17) high concentrat ions o f  glucosamine (up to 50 mM) did not 
i n h i b i t  a c t i v i t y .  Gel f i l t r a t i o n  gave a molecular weight o f  about 46,000 
f o r  the phage enzyme.
S tra in  dependent d i f fe rences in  s e n s i t i v i t y  o f  Group N streptococci  
to  phage l y s in  were found. Streptococci  o f  Group D were also lysed. Stra ins 
o f  Leuoon. oremoriSy Leuoon. lactisy Leucon. dextranioumy Str. therniophitus,
Lact. bulgaricus, Lact. fevmenti, E. coti, Microoocous tysodeikticus and 
Str. dysgalaotiae were apparently res is tan t .
Cel ls which did not aAsorb 4>C2(W) were also lysed by the phage enzyme
suggesting tha t  lys in  and phage did not compete fo r  the same absorption
s i tes  on the streptococcal ce l l  wa l l .
Examination o f  lysed c e l l s ,  using the e lectron microscope, revealed 
tha t  the phage enzyme removed the ce l l  wal ls  creat ing pro top las ts .
Analysis o f  c e l l  wal l  degradation products showed tha t  the enzyme
was a glycosidase. The ana ly t ica l  data were consistent  with the phage
lys in  having the s p e c i f i c i t y  o f  a N-acetylmuramidase.
The 4"C2(W) enzyme was compared with other Group N streptococcal 
phage l y s in s ,  and a u to ly t i c  enzymes described fo r  s t reptococc i .  I t  is 
argued tha t  the 4^2(W) enzyme is d i f f e re n t  from other streptococcal phage 
lys ins  and is  u n l ike ly  to be an a u to ly t i c  enzyme which has increased in 
concentrat ion as a re s u l t  o f  phage in fe c t io n .
A pre l im inary study o f  fac tors  a f fec t ing  the s e n s i t i v i t y  o f  str. 
lactis C2 and some other l a c t i c  streptococci to fC2(W) ly s in  was undertaken 
Log phase c e l l s  were more sens i t ive  than those from s ta t ionary  phase.
Cells obtained from media containing glucose were lysed more ra p id ly  than 
c e l l s  grown in media contain ing other carbohydrates.
Growth in media containing L - lys ine ,  L-threonine or a mixture of 
both had l i t t l e  e f f e c t  on s e n s i t i v i t y  to ly s in .  Cel ls grown in media 
containing sub-lethal  concentrat ions of p e n i c i l l i n  G (0.1-0.15 lU /ml) 
demonstrated increased s e n s i t i v i t y  to ly s is  by the ly s in .  Freeze-drying 
also increased the s e n s i t i v i t y  o f  c e l l s  to l y s is .
The basal medium used also a f fec ted the s e n s i t i v i t y  o f  c e l l s  to 
l y s i s .  Unlike lysozyme, the phage enzyme was not inh ib i te d  by 0.5 M sucrose 
From the resu l ts  of  these and other experiments i t  is suggested tha t  (j)C2(W) 
lys in  may have value as an agent f o r  removing the ce l l  wal ls  from Group 
N s t rep tococc i .
Variants o f  l a c t i c  streptococci were isolated which were v i r t u a l l y  
res is tan t  to  l y s is  by fC2(W) l y s in .  These var iants were iso la ted using 
se lect ive agar media conta in ing e i th e r  phage lys in  or lysozyme. Contrary 
to expectat ions, l y s in - r e s i s ta n t  var iants  retained s e n s i t i v i t y  to phage 
and therefore disproved the hypothesis o f  Reiter (1973) who speculated 
tha t  l y s in - re s is ta n t  mutants should also be phage re s is tan t .  From these 
and other experiments, i t  is  argued tha t  fC2(W) lys in  is  not involved 
in the in fe c t ion  of  C2 by phage nor in the release o f  phage from c e l ls  
o f  C2 infected with 4>C2(W). The value o f  lys in  production to a phage 
and the use o f  l y s in - r e s i s ta n t  mutants as cheese s ta r te rs  are discussed.
AN INTRODUCTION TO THE LACTIC STREPTOCOCCI 
AND THEIR BACTERIOPHAGES
LACTIC STREPTOCOCCI
The l a c t i c  s treptococci used in the manufacture o f  fermented da i ry  
products are members o f  the genus Streptococcus. They can be d i f fe re n t ia te d  
from other streptococci by t h e i r  spec i f ic  reaction with Group N anti  serum 
and by t h e i r  tolerance to temperature, sa l t  and dyes (Jones, 1978).
The l a c t i c  group o f  the genus Streptococcus includes the species str. 
lactis and str. cremoris and a subspecies o f  Str. lactis, Str. lactis
os diacety lactis (Dei bel and Seeley, 1974). However, the converse 
may be more co r rec t ,  i . e .  Str. lactis stra ins may be var iants  o f  str. 
diacetylactis tha t  are unable to ferment c i t r i c  ac id , since c i t r a t e  
permease - negative s t ra ins  o f  str. diacetylactis have been described 
(Lawrence, Thomas and Terzaghi , 1976).
Evidence is accumulating to suggest tha t  str. cremoris, Str. laotis 
and Str. diacetylactis form a phenotypical 1 y and genotyp ica l ly  continuous 
spectrum o f  v a r ia t io n  (see Lawrence et al., 1976; Lawrence and Thomas, 
1979). The three species are s im i la r  in DNA base-composition ( K n i t t e l ,
1965) in d ica t ing  tha t  they are c lose ly  re la ted. I t  is  now c lea r  tha t  
the genus Streptococcus is  c lose ly  re lated to the genera Lactobacillus 
and Leuconstoc (London, 1976). The designation ' l a c t i c '  was appl ied 
to th is  group by Sherman (1937) fo r  mainly h is to r ic a l  reasons, inc lud ing 
the use o f  the term by L is te r  (1878) to describe a bacterium which we 
now know às- Str.- lactis. An a l te rna t ive  nomenclature is the term Group 
N streptococci since Str. lactis, Str. cremoris and Str. diacetylactis 
a l l  possess the Group N antigen. Throughout th is  work the terms l a c t i c  
and Group N streptococci w i l l  be used .synonymously^.
Members o f  the Group N streptococci can be d i f fe re n t ia te d  to the 
species or  subspecies level  by schemes published by several authors
(Sandine, E l l i k e r  and Anderson, 1959; Reiter and M^ller-Madsen, 1963;
Reddy et al., 1972; Diebel and Seeley, 1974; Jones, 1978).
Some biochemical propert ies of  the l a c t i c  streptococci  are shown 
in Table 1. Only one type o f  in terpept ide bridge s t ruc tu re  is  shown 
fo r  str. cremoris instead o f  the two structures o r ig i n a l l y  proposed by 
Schle i fe r  and Kandler (1967). These workers found tha t  two s t ra ins  o f  
Str. cremoris, s t ra ins  316a and 331a, contained a d i f f e r e n t  in te rpept ide 
bridge namely 1-a lany l - th reon ine  than other s t ra ins  o f  Str. lactis and 
Str. cremoris stud ied.  However, s t ra ins  316a and 331a possessed 
carbohydrate fermentat ion patterns which were not t y p ica l  o f  str. cremoris. 
Both s t ra ins  fermented sucrose and maltose, cha rac te r is t ics  which are 
not shared by ty p ic a l  s t ra ins  o f  Str. cremoris (Jones, 1975^ ; Garvie,
1980, pers. comm.). In a more recent publ icat ion Sch le i fe r  and Kandler 
(1972) have admitted tha t  s t ra ins  316a and 331a were probably wrongly 
c la s s i f ie d  as str. cremoris. This admission has apparently escaped Diebel 
and Seeley (1974) who s t i l l  a t t r ib u te  two d i f f e re n t  types o f  peptidoglycan 
to str. cremoris, based on the 1967 paper o f  Sch le i fe r  and Kandler.
The genetics o f  l a c t i c  streptococci have received increasing a t ten t ion  
in recent years. Reports on the number and size o f  plasmids, or  the 
presence o f  cova lent ly  closed c i r c u la r  DNA, ind ica te s t ra in  and species 
va r ia t ion  w i th in  the l a c t i c  streptococci  (see Lawrence et al., 1976). 
Progress is  such tha t  plasmid p ro f i le s  have recent ly  been used to prove 
s t ra in  s i m i l a r i t y  (Davies, Gasson and Underwood, 1981). There is  now 
considerable evidence th a t  cer ta in  i n d u s t r i a l l y  important cha rac te r is t ic s  
of  l a c t i c  s t rep tococc i ,  e.g. c i t r a t e ,  carbohydrate and p ro te in  metabolism 
and n is in  production are plasmid mediated (Fuchs, Zajdel and Dobrzanski, 
1975; Efs ta th iou and McKay, 1976; Lawrence et al., 1976; Lawrence 
and Thomas, 1979; Davies and Gasson, 1981).
ue3^ [ 6opL%dad ui issojo
(Z)
adXï ueoXiGopiïdaj
9UIU15j B lUOJ.I 
paanpôjd  eiuoumiy
paonpojdlXïa3eLp/uio;a3ÿ 
ïuassud  a s e ïB J ï ig
pasiLUn e q e J ï L ]
13CN % S '9  6u L U L c ;u o 3  
Bipatr ui ÿïMOjg
139N %f 6 u i u i b ; u o 3 
B ipaui u i  i | ; mou9
+ +
Considerable progress has also been made in the areas o f  carbohydrate 
and prote in metabolism and has been reviewed (Lawrence et al., 1976; 
Lawrence and Thomas, 1979).
The cultures o f  l a c t i c  streptococci which are used in the manufacture 
o f  cheese and other fermented dairy  products are ca l led s ta r te rs .  The 
three main types of  s ta r te r  used commercially have been c la s s i f i e d  by 
Lawrence et at. (1976) as fo l lows:
A. S ing le -s t ra in  s ta r te rs :  s ing le s t ra ins  o f  Str. cremoris and less
commonly Str, lact'Cs, These are used in pairs in some fac to r ies  in New 
Zealand and in Scotland but also s ing ly  in Aus tra l ia .
B. M u l t i - s t r a in  s ta r te rs :  defined mixtures o f  three or more single
s t ra ins  o f  Str, cremorts and/or str. lactis. Leuconstoc and Str. 
diaoetylaotis s t ra ins  may also be used. M u l t ip le -s t ra in  s ta r te rs  are 
f requent ly  re ferred to as mixed-stra in s ta r te rs  in the United States 
o f  America.
C. Mixed-s tra in s ta r te rs :  mixtures of  s t ra ins  o f  Stv. cremorts, Str.
lactisy Str. diacetylactis and leuconstocs. The i d e n t i t y  o f  the component 
s t ra ins  is  frequent ly  unknown to the user and t h e i r  composition may vary 
on subculture.
Starters play a v i t a l  part in the manufacture o f  cheese. They 
produce the l a c t i c  acid which inf luences important q u a l i t y  cha rac te r is t ics  
such as tex tu re ,  ta s te ,  moisture content, and freedom from pathogenic 
micro-organisms and t h e i r  toxins in the mature cheese. The rate o f  acid 
production is  c r i t i c a l  in  the manufacture o f  cer ta in  v a r ie t i e s ,  e.g. 
Cheddar. Starters  are also required to produce acid at a reproducible 
rate from day to day espec ia l ly  in  mechanised cheese production un i ts .
The negative redox po ten t ia l  created by s ta r te r  growth in cheese may 
also aid in preservation and the development o f  f lavour  (Law, Castanon
and Sharpe, 1976). A dd i t iona l ly  a n t ib io t i c  substances produced by s ta r te rs ,  
e.g. n is in  (Babel, 1977) may also have a ro le  in preservat ion.
The f a i l u r e  of  s ta r te rs  to produce s u f f i c i e n t  acid at any stage 
in  the cheese-making process can resu l t  in  sub-standard q u a l i t y  cheese 
and a d is rup t ion  o f  the timed operation. Since cheese fac to r ie s  process 
large volumes o f  mi lk  d a i l y  (many fac to r ies  in the United Kingdom process 
in excess o f  100 thousand gal lons a day at the peak o f  mi lk  production) 
pe rs is ten t  s ta r te r  problems could involve cheese fac to r ies  in  substantia l  
f ina nc ia l  losses.
In fec t ion  o f  s ta r te r  cul tures wi th  a bac ter ia l  v i rus ca l led  a 
bacteriophage is  v i r t u a l l y  un iversa l ly  recognised as the major s ingle 
cause o f  slow acid production and/or fermentat ion f a i l u r e  by th is  i n d u s t r i a l l y  
s ig n i f i c a n t  bac ter ia l  group ( E l l i k e r ,  1950; Whitehead, 1953; Christensen, 
1972; Crawford, 1972; Lawrence, ^   ^VH'Xo
Czulak et a%., 1979; Lawrence and Thomas, 1979; Walker, Mullan and Muir,  
1981). The e f fec ts  o f  bacteriophage in fec t ion  are perhaps most evident in 
the manufacture o f  Cheddar cheese where rapid growth o f  l a c t i c  s t reptococc i ,  
s u f f i c i e n t  to produce the equivalent o f  about 0.75% l a c t i c  ac id ,  is  required 
w i th in  a period o f  about 5 h. But phage is  also capable o f  causing 
d i f f i c u l t i e s  in  the manufacture o f  other cheese v a r ie t ie s ,  ripened cream fo r  
bu f fe r  manufacture and in the production of  various fermented milks 
(Whitehead, 1953; C o l l ins ,  1962; Stadhouders, 1976; Lawrence, 1978;
Saxel in et at, , 1979).
In fec t ion  wi th  bacteriophage during cheesemaking can create a number 
o f  problems. The magnitude o f  the in fe c t ion  and the degree o f  re p l ic a t io n  
o f  the bacteriophage w i l l  determine the extent o f  s ta r te r  c e l l  l y s is  and 
whether acid production is  slowed or stopped. In addi t ion to the d is rupt ion  
o f  the timed operations, production o f  i n s u f f i c i e n t  l a c t i c  acid can lead to
f inanc ia l  loss ,  an i n f e r i o r  or worthless product or  favourable condit ions 
fo r  the growth o f  pathogens, spoi lage bacteria or tox in  production ( E l l i k e r ,  
1950).
LACTIC STREPTOCOCCAL BACTERIOPHAGES
The in fe c t io n  o f  a growing bac ter ia l  cu l tu re  with phage is  i n i t i a t e d  
by the adsorption o f  the phage to the host c e l l .  The s p e c i f i c i t y  o f  
adsorption o f  l a c t i c  streptococcal phages to l a c t i c  s treptococci and the 
loca t ion  o f  phage receptor substances have been studied (Oram and Rei ter ,  1968; 
Oram, 1971) and has been reviewed (Re i te r ,  1973; Lawrence et al. ^ 1976).
Lact ic  s treptococci have been shown to have d i f f e r e n t  receptor s i tes  
tha t  may reside in  both the ce l l  wal l  and plasma membrane. Some phages may 
be r e la t i v e l y  s t ra in  sp e c i f ic  attacking only one or two s t ra ins  but others 
show less s p e c i f i c i t y  and may even attack s t ra ins  o f  d i f f e r e n t  species, i . e .  
a phage may attack s t ra ins  o f  Stv. lactls^ Str. cremoris and str. dlacetylaotls 
(Henning et al., 1968; Nyiendo, 1974; Chopin, Chopin and Roux, 1976;
Lawrence et al., 1976). Although many s t ra ins  are re s is ta n t  to a spec i f ic  
phage because the phage cannot adsorb to receptor s i tes  some s t ra ins  which 
al low absorption are also phage re s is tan t  (Oram and Rei te r ,  1968). The 
resistance o f  the l a t t e r  has been a t t r ib u te d  to lysogenic immunity or to the 
operation o f  a m o d i f i c a t io n / re s t r i c t io n  (M/R) system (Lawrence et al., 1976).
Inorganic cations are required fo r  adsorption (Cherry and Watson,
1949). However, calcium which is  required fo r  phage m u l t ip l i c a t io n  (Shew,
1949; Potter and Nelson, 1952) is  not a sp e c i f ic  requirement since 
monovalent cat ions are apparently j u s t  as e f fe c t i v e  (Rei te r  and M011er- 
Madsen, 1963).
The methods whereby phages e jec t  or introduce t h e i r  nucle ic  acid 
in to  l a c t i c  st reptococci remain to be determined. An in je c t io n  mechanism
is  un l ike ly  since the vast ma jor i ty  o f  l a c t i c  phages do not possess a 
c o n t ra c t i le  t a i l  (Lawrence et al., 1976). However a ro le  f o r  calcium 
and re la ted ions in the process of  DNA in troduct ion  has been postulated 
(Potter and Nelson, 1953). Fol lowing the in t roduct ion  o f  phage DNA in to  
a suscepti le  host, ce l l  l y s is  and the release of  newly formed v i ra l  
pa r t ic les  occurs. In addi t ion to phage, some phage-host systems also 
produce s ig n i f i c a n t  concentrat ions of  a phage-induced l y t i c  enzyme cal led 
phage lys in  or lysozyme (Rei ter and Oram, 1963; Oram and Rei te r ,  1965; 
Tou rv i l le  and Johnstone, 1966). Unl ike phage which is  r e la t i v e l y  s t ra in  
s p e c i f i c ,  l y s in  i s  apparently unspec i f ic ,  lys ing s t ra ins  on which the 
phage does not normally m u l t ip ly  (Oram and Rei te r ,  1965). Latent periods 
and burs t sizes o f  some la c t i c  streptococcal phages have been reported 
by several workers as a function o f  growth in d i f f e re n t  media and at 
d i f f e re n t  temperatures (Lawrence et al., 1976).
Lysogenic or temperate phages also e x is t .  Unl ike the act ion of 
a l y t i c  phage discussed prev ious ly , temperate phages do not normally 
k i l l  t h e i r  hosts. Instead the phage enters in to  a lysogenic re la t ionsh ip  
wi th  i t s  host in which the phage genome or a rep l ica  of  i t ,  becomes inserted 
in to  the bac ter ia l  chromosome. This re la t ionsh ip  is  very stable and 
is t ransmitted to fo l low ing generations o f  the host.
Lysis o f  many s t ra ins  o f  l a c t i c  streptococci has been reported 
a f t e r  treatment w i th  mitomycin C or u l t r a v i o l e t  l i g h t  (McKay and 
Baldwin, 1973; Kozak et al., 1973; Lowrie, 1974; Huggins and Sandine,
1977). Because the presence of phage in lysates was shown by electron 
microscopy and less f requent ly  by the iso la t io n  of  a sens i t ive  ind ica to r  
s t ra in  i t  was assumed tha t  s t ra ins  which exh ib i ted l y s i s  were lysogenic.
However, the f i r s t  formal proof o f  lysogeny in th is  group was elegantly  
demonstrated by Gasson and Davies (1980). These workers iso la ted a 
non-lysogenic clone from a cu l tu re  which lysed upon exposure to UV l i g h t  
or mitomycin C. The lysogenic state in the parent s t ra in  was proven 
by in fe c t in g  the 'cured* s t ra in  wi th the temperate phage and re ­
es tab l ish ing  lysogeny.
Although the o r ig in  o f  phage act ive against s treptococci is  unknown, 
lysogenic s ta r t e r  cu l tu re  s t ra ins  have been suspected fo r  some time as 
a possible reservo i r  (Rei te r ,  1949; Czulak and Naylor, 1956). There 
is  now an increasing volume of  c i rcumstantia l  evidence (reviewed by 
Lawrence et ol., 1978) tha t  the main source o f  phage in cheese fac to r ies  
is from the s ta r te r  cu l tu res themselves. However, lysogenic s t ra ins  
of  str, lactls present in the raw mi lk  must also be considered as a possible 
source (Heap, Limsowtin and Lawrence, 1978; Lawrence et al., 1978).
Despite several reports ind ica t ing  the necessity f o r  an acceptable 
nomenclature system fo r  l a c t i c  streptococcal phages (Zehren and Whitehead, 
1954; Keogh, 1973; Nyiendo, 1974; M u l l a n , 1979) no such system has 
yet been developed. Phages are s t i l l  general ly named a f t e r  the i n i t i a l  
host (Mullan, 1979). The problem is f u r th e r  complicated by the absence 
o f  a sa t is fac to ry  c la s s i f i c a t io n  system fo r  the host s t ra in  (Crawford,
1972; Davies et al., 1981) and by the discovery of  temperate or lysogenic 
phages (Lawrence et al., 1976). The c la s s i f i c a t io n  o f  streptococcal 
phages has been reviewed (Lawrence et al., 1976; Mullan, 1977).
A l l  Group N phages analysed to date have contained only double 
stranded DNA w i th  guanine-cytosine contents ranging from 32.7 to 40.7% 
(Henning, Sandine and E l l i k e r ,  1968; Nyiendo, 1974).
The m a jo r i ty  of l a c t i c  streptococcal phages iso lated can be c la s s i f ie d  
w i th in  group B o f  Bradley's (Bradley, 1967) morphological c la s s i f i c a t io n  
system (Nyiendo, 1974; Lawrence et al., 1976; Tsaneva, 1976; Huggins 
and Sandine, 1977; Heap, Limsowtin and Lawrence, 1978; Lawrence, 1978; 
Lawrence, Heap and Limsowtin, 1978; Sozzi et al., 1978). Only one phage 
which could be c la s s i f ie d  w i th in  group C has been iso la ted (Saxelin et 
al., 1979). Keogh and Shimmin (1974) reported a phage fo r  a str. laotls 
s t ra in  (CIO) which apparently possessed a c o n t ra c t i l e  t a i l .  I f  th is  
is  so, t h i s  phage could be c la s s i f ie d  w i th in  Bradley's group A. Both 
prolate  polyhedral and isometr ic head shapes have been found.
The group B phages have been fu r th e r  d i f fe re n t ia te d  on the basis 
o f  head size and shape in to  small isometr ic ,  large isometric  and prolate 
(Lawrence, 1978). The small isometric phages can be fu r th e r  subdivided 
in to  three groups on the basis o f  t a i l  length and the presence or absence 
o f  a c o l l a r  g iving a to ta l  o f  f i v e  morphological groups. Apparently 
no fu r th e r  morphological groupings are j u s t i f i e d  at present (Lawrence,
1978).
Viruses act ive against l a c t i c  streptococci are general ly enumerated 
using the double agar plaque assay as described by Adams (1959) using 
su i tab le  complex media. The fac to rs  which inf luence plaque formation 
by l a c t i c  streptococcal phages include choice of  growth medium, pH, 
temperature at which absorption occurs, the ion ic  environment, incubation 
temperature, d i luen t  composition and the choice of  ind ica to r  s t ra in  (Mullan,
1979).
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BACTERIOPHAGE CONTROL IN CHEESE MANUFACTURE
Measures used to control phage in cheesemaking include aseptic 
techniques and special equipment f o r  s ta r te r  propagation (Whitehead and 
Hunter, 1945; Jones, 1956; Lewis, 1956; Ashton, 1963), phage in h ib i t o r y  
media (Babel, 1957; Hargrove, McDonough and T i t l s l e r ,  1961; Gulstrom 
et aZ., 1979), the e l im inat ion  or reduction of  the r ipening period used 
in the manufacture of cer ta in  cheeses (Hunter, 1944; Meanwell and Thompson, 
1959; Keogh, 1973), aerosol d is in fe c t io n  o f  the a i r  in the s ta r te r  room 
and/or cheese production areas (Wolf, Nichols and Ineson, 1946; Walker 
et al., 1981), the use o f  a i r  f i l t r a t i o n  systems in which the a i r  in 
the fac to ry  is  exchanged with s t e r i l e  a i r  several times an hour (Thibodeau 
and Rendak, 1962), special cleaning and s t e r i l i s i n g  routines (Lawrence 
and Pearce, 1972; Hynd, 1976), the use of  cu l tu re  ro ta t ions  (Anderson 
and Meanwell, 1942; Whitehead and Hunter, 1947), and the use o f  cu l tu res 
composed o f  two or more phage-unrelated s tra ins  (Whitehead and Hunter,
1947; C o l l in s ,  1952b; Czulak and Naylor, 1956; Robertson, 1966b; Lawrence 
and Pearce, 1968; Breen, 1969; ■ Lawrence and Pearce, 1972; Limsowtin,
Heap and Lawrence, 1977; Daniel 1, Sandine and Burningham, 1979). Because 
th is  area has been extensively reviewed (Whitehead, 1953; Czulak and 
Naylor, 1956; Babel, 1962; C o l l in s ,  1962; Reiter and M01ler-Madsen,
1963; Robertson, 1966a; Crawford, 1972; Lawrence and Pearce, 1972;
Rei te r ,  1973; Lawrence etal.,  1976; H u l l ,  1977; Mullan, 1977; Sandine, 
1977; Lawrence, 1978; Lawrence et al., 1978), inc lud ing one by the author 
(Mullan, 1977), fu r th e r  discussion w i l l  be l im i ted  to  the use of  cu l tu res 
composed o f  phage-unrelated s t ra ins .
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The use o f  cultures contain ing two or more phage-unrelated s t ra ins  
has played an important part  in  phage contro l schemes in cheese fa c to r ie s .  
Many phages have a r e la t i v e l y  narrow host range and e x h ib i t  s u f f i c ie n t  
s t ra in  s p e c i f i c i t y  to enable the use o f  cu l tu res composed o f  phage-unrelated 
s t ra ins  as part  o f  a phage contro l  programme.
The advantages o f  having a s ta r te r  composed o f  a number o f  d i f f e r e n t  
s t ra ins  is  tha t  phage in fe c t ion  w i l l  not normally markedly a f fe c t  acid 
production because a s t ra in  lysed by phage would be replaced by the growth o f  
another phage-unrelated or re s is tan t  s t ra in  (C o l l ins ,  1955).
The e a r l i e s t  cultures used which contained two or more phage-unrelated 
s t ra ins  were commercial mixed-stra in cu l tu res which are s t i l l  used widely 
today. However, i t  is d i f f i c u l t  to maintain a constant mixed-stra in 
s ta r te r  as one s t ra in  may dominate a f t e r  a few t rans fe rs .  I f  s t ra in  
domination occurs then phage in fe c t ion  can re s u l t  in to ta l  cessation 
o f  acid production. Although mixed-stra in  s ta r te rs  have been reported 
as ra re ly  showing complete cessation of acid production when in fected 
w i th  phage (Reiter  and M01ler-Madsen, 1963), re tardat ion  of  acid production 
has been reported (Nelson, Harriman and Hammer, 1939; Anderson and Meanwell, 
1942; Johns, 1943). In addi t ion to retarded acid production, i n h ib i t i o n  
of  acid production as d ras t ic  and sudden as tha t  usual ly  encountered 
w i th  s in g le -s t ra in  s ta r te rs  has also been experienced with mixed-stra in 
s ta r te rs  (Johns and Katznelson, 1941; Babel, 1946; C o l l ins ,  1952a; Mullan 
and Walker, 1979, unpublished in fo rmat ion) .
The use of  single s t ra ins  o f  l a c t i c  streptococci  f o r  Cheddar
C oX
cheesemaking was developed in New Zealand by Whitehead^^(l934). S ingle- 
s t ra in  s ta r te rs  were introduced to overcome tex tu ra l  problems in the 
cheese (the leuconstoc and diacetylactls s t ra ins  in the mixed-s tra in
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cu l tu res produced gas which gave open textured cheese) and to obtain 
a more uniform rate of acid production from day to day. This uniform 
ra te o f  acid production, which is  d i f f i c u l t  to  obtain with mixed-stra in 
cu l tu res (Lawrence and Pearce, 1972) made the use o f  such s ta r te rs  appear 
a t t r a c t i v e  to cheesemakers. However, the in t roduct ion  of single s t ra ins  
created ideal condi t ions f o r  the demonstration of  phage action.
Subsequent to  f ind ing  bacteriophage as the causal agent o f  s ta r te r  
f a i l u r e  New Zealand workers accumulated several phage-unrelated s ing le 
s t ra in  cu l tu res and introduced the use of  pa i red -s t ra in  cu l tu res ,  in 
a four-day ro ta t ion  sequence (Whitehead and Hunter, 1947). Addi t ional 
secu r i ty  was obtained by the use o f  a cu l tu re  contain ing two phage-unrelated 
s t ra ins  since in the advent o f  one s t ra in  being infected the remaining 
s t ra in  should continue to produce acid and enable cheese manufacture 
to continue (Whitehead and Hunter, 1947; Robertson, 1966b; Lawrence 
and Pearce, 1968). The use o f  t h i s  paired s t ra in  cu l tu re  system combined 
wi th  addi t iona l  phage contro l  measures (Lawrence and Pearce, 1972) worked 
r e la t i v e l y  well up to the ear ly  1970's.
The increase in mi lk  processing capacity  o f  many cheese fac to r ies  
in New Zealand in recent years has introduced new phage problems fo r  
some fa c to r ie s ,  p a r t i c u la r l y  in fac to r ie s  in which the vats are r e f i l l e d  
several times a day ( m u l t i f i l l  f a c t o r ie s ) .  The large number o f  s ta r te r  
s t ra ins  necessary to construct a ro ta t ion  fo r  such m u l t i f i l l  fa c to r ie s ,  
often leads to cross phage re la t ionsh ips  (Pearce et al., 1970). Furthermore, 
where the f i r s t  vats are run before the la s t  vats are set,  or in a double 
or m u l t i f i l l  fac to ry  where a re la ted  s ta r te r  is  used in the second or 
t h i r d  f i l l s ,  s u f f i c i e n t  phage w i l l  be produced by some s ta r te rs  to markedly 
slow or even stop acid production in l a t e r  vats (Breen, 196^; Lawrence
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et al., 1976). Because o f  these d i f f i c u l t i e s  the paired s t ra in  system 
which was formerly used in New Zealand fo r  more than 40 years has been 
la rg e ly  replaced wi th  a m u l t ip le - s t r a in  s ta r te r  containing a defined 
blend o f  phage-unrelated s t ra in s .
Strains fo r  inc lus ion in m u l t i - s t r a in  cul tu res are selected on 
the basis o f  physio logica l and phage s e n s i t i v i t y  c r i t e r i a  - in a l l  14 
te s t  procedures are used (Lawrence et al., 1978). The advantages o f  
using m u l t ip le -s t ra in  cu l tu res  as described by the New Zealand workers 
include the p o s s ib i l i t y  o f  using the same cu l tu re  continuously fo r  cheese 
manufacture, i . e .  ro ta t ions  are no longer required and tha t  there is  
increased protect ion against phage-induced s ta r te r  f a i l u r e ;  the chance 
o f  a l l  the component s t ra ins  being in fected simultaneously with t h e i r  
spec i f ic  phages is u n l ik e ly .  The m u l t ip le -s ta r te r  system is apparently 
a success in New Zealand. One such cu l tu re  has been used continuously 
f o r  over three seasons to produce good q u a l i t y  cheese and approximately 
h a l f  o f  the cheese produced in New Zealand in 1979 was manufactured with  
bulk s ta r te r  inoculated w i th  a m u l t ip le -s t ra in  cu l tu re  (Richardson et 
al., 1980). While the successful use of  m u l t ip le -s t ra in  cu l tu res has 
been reported in the United States (Daniel!  et al., 1979; Richardson 
et al., 1980) fa i l u r e  o f  m u l t ip le - s t r a in  cu l tu res has also been reported 
in the United States (Muskowitz, Staehler and La Be l le ,  1979) and in 
Scotland (Hynd, 1980, pers. comm.). The reasons fo r  these fa i lu re s  were 
not determined.
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PROPOSED INVESTIGATION, GENERAL CONSIDERATIONS AND OBJECTIVES
Despite extensive research since the discovery of phage by Whitehead 
and Cox (1935) phage remains the major s ing le cause of  slow acid production 
in cheese manufacture.
The use of  cu l tu res conta in ing two or more phage-unrelated s t ra ins  
has played a major part  in  phage control  schemes. The advantage o f  having 
a s ta r te r  composed o f  a number o f  d i f f e r e n t  s t ra ins  is tha t  in fe c t ion  
o f  one o f  the component s t ra ins  wi th  i t s  spec i f ic  phage, w i l l  not normally 
markedly a f fe c t  acid production because the surv iv ing s t ra in  or s t ra ins  
w i l l  continue to produce acid and enable cheese manufacture to continue.
The work contained in th is  thesis  re la tes to a previously undocumented 
phage fo r  Stv. laotls C2, designated $C2(W), which when added to paired 
and m u l t i - s t r a in  cu l tu res contain ing C2 and other s t ra ins  o f  l a c t i c  
s t reptococc i ,  normally r e s is ta n t  to t h is  phage, in h ib i t s  acid production. 
This study had several aims:
(1 ) To character ise the fC2(W) phage and to investigate  the a c t i v i t y  
o f  the phage towards cu l tu res of l a c t i c  s treptococci .  This work is  
reported in Chapter 1.
(2) As a resu l t  o f  the above study evidence was obtained tha t  the 
4€2(W)-C2 phage-host system produced a l y t i c  agent which lysed phage 
sens i t ive  and insens i t ive  s t ra ins .  Accordingly an attempt was made to 
i s o la te ,  p u r i fy  and character ise the l y t i c  agent. This work is  reported 
in Chapter 2.
(3) As a re s u l t  o f  the work undertaken in Chapters 1 and 2 i t  was 
establ ished tha t  <f>C2(W) induces Stv. laotls C2 to produce an enzyme 
which lyses the ce l l  wal ls  of  Group N s treptococci .  Because of  the
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current in te re s t  in the genetics o f  l a c t i c  streptococci and the requirement 
f o r  a gentle and e f fe c t iv e  method fo r  ce l l  wal l removal a pre l im inary 
study of factors  which a f f e c t  the s e n s i t i v i t y  o f  l a c t i c  streptococci  
to l y s is  by <j)C2(W)-induced ly s in  was undertaken. This work is  reported 
in Chapter 3.
(4) Phage-induced lys ins  have been impl icated in the processes involved 
in the entry o f  phage DNA in to  the bac te r ia l  cytoplasm (Rei te r ,  1973).
This worker has suggested tha t  l y s in - r e s i s ta n t  mutants should be phage 
re s is tan t .  Attempts to iso la te  and study ly s in - re s is ta n t  l a c t i c  
streptococci are reported in Chapter 4.
I t  was envisaged th a t  the knowledge gained from such a study would 
provide a deeper in s ig h t  in to  the act ion of l a c t i c  streptococcal phages 
on l a c t i c  streptococci and by es tab l ish ing  the mechanisms involved in 
the in h ib i t i o n  o f  cu l tu res by K2(W), measures might be developed to 
contro l the in h ib i t o r y  phenomenon.
CHAPTER I
CHARACTERISATION OF THE *C2(W)-C2 PHAGE-HOST SYSTEM 
AND ATTEMPTS TO ELUCIDATE THE MECHANISM 
OF THE NASCENT PHAGE PHENOMENON
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INTRODUCTION
Evans (1934) f i r s t  used the term nascent phage phenomenon to  describe 
the in h ib i t i o n  o f  growth observed when a culture contain ing two phage- 
unrelated s tra ins  demonstrated growth in h ib i t i o n  when in fected w i th  a 
phage spec i f ic  fo r  one o f  the s t ra ins .  The term nascent was used to imply 
a special potency fo r  phage at the ins tan t  of  release from the host which 
'normal ' phage did not possess.
A s im i la r  phenomenon has been reported fo r  la c t i c  streptococci 
(Anderson and Meanwell, 1942; Hunter, 1943; Nichols and Wolf,  1945) 
in which paired or m u l t ip le - s t r a in  cu l tu res (containing phage-unrelated 
s t ra ins )  exhib ited slow acid production when infected wi th a phage spe c i f ic  
f o r  one o f  the component s t ra ins .  The nature o f  the i n h ib i t i o n  has been 
studied by several workers. Col l ins  (1952a) found tha t  two out o f  14 
phages studied were capable of  i n h ib i t i n g  growth and acid production o f  
several s t ra ins  which were normally re s is tan t  to both v iruses.  This worker 
questioned the use o f  the term nascent since he showed tha t  the presence 
of  the propagating host was not essentia l  fo r  demonstration o f  the phenomenon 
and went on to show tha t  high t i t r e  phage lysates ( free o f  propagating 
host) could cause i n h ib i t i o n .  Col l ins  attempted to determine whether 
the in h ib i t i o n  observed wi th  phage lysates was due to phage per se or 
to another i n h ib i t o r .  Since both phage and the a b i l i t y  o f  the lysate  
to i n h ib i t  the growth o f  s t ra ins  normally re s is tan t  to the phage (non- 
homologous s t ra ins )  were lo s t  a f t e r  steaming fo r  3-4 min, i t  was concluded 
tha t  phage per se was involved in the in h ib i to ry  process. A s im i la r  study 
was undertaken by Whitehead, Hunter and Cox (1952). They also establ ished 
tha t  the presence of  the propagating host was not necessary and tha t  
i n h ib i t i o n  o f  normally phage-resistant  stra ins could be obtained by using 
high t i t r e  phage prepara t ions. In experiments designed to determine
17
whether i n h ib i t i o n  was due to phage or to an in h ib i t o r y  substance present 
in phage lysates the fo l low ing  re su l ts  were obtained:
( i )  both phage and the i n h ib i t o r y  a c t i v i t y  o f  lysates were destroyed
by a heat treatment o f  66°C fo r  5 min at pH 5.
( i i )  the i n h ib i t o r y  a c t i v i t y  o f  lysates was associated w i th  the phage
and was independant o f  the propagating host.
( i i i )  s t ra ins  which absorbed high levels  of phage were in h ib i te d  to
a la rger  extent than s t ra ins  which exhib ited low acjsorption,
( i v )  microscopic observation o f  in fected cul tu res was consis tent  wi th
a d ras t ic  in te r ference w i th  bacter ia l  metabolism.
From these resu l ts  Whitehead et al. (1952) concluded tha t  the nascent 
phage phenomenon was due to a host-phage in te rac t ion  which disrupted normal 
host metabolism and in h ib i te d  growth and acid production wi thout phage 
production. These workers also obtained data which did not agree wi th  
th is  hypothesis. Anomalous resu l ts  were obtained with three s t ra ins  
fo r  which a re la t ion sh ip  between the level o f  phage adsorption and s e n s i t i v i t y  
to the l y t i c  agent in phage lysates was not establ ished e.g. a s t ra in  
which showed high adsorption was v i r t u a l l y  res is tan t  to i n h ib i t i o n ,  the 
converse was also found. Further evidence fo r  the d i re c t  ro le  o f  phage 
per se in the nascent process was presented by Whitehead, East and McIntosh 
(1953).
An a l te rn a t iv e  explanation fo r  nascent e f fec ts  in which phage is 
only i n d i r e c t l y  involved is  also possible.  Bronfenbrenner and Muckenfuss 
(1927) recognised tha t  phage lysates contain a l y t i c  agent other than 
phage. This agent, a ' ferment l i k e '  substance, d i f fe red  from phage because 
i t  lysed only dead staphylococci .  I t  was absorbed to clay f i l t e r s .
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inact ivated on storage at ambient temperature, more heat l a b i l e  than phage 
and did not d i f fuse  through co l lod ion membranes. This descr ip t ion  f i t s  
the staphylococcal v i r o l y s in  (or phage l ys in )  described much la te r  by 
Ralston et al. (1955). This phage-induced enzyme lysed dead c e l l s ,  al though 
l i v i n g  ce l ls  were lysed i f  the homogolous phage was present. Wollman and 
Wollman (1933), c i ted  by Tsugita (1971), regarded the ly s is  o f  a phage- 
res is tan t  s t ra in  grown in  a mixture containing a propagating host as due 
only i n d i r e c t l y  to the phage, which they thought released s p e c i f ic  diastases 
in addi t ion to phage from lys ing  host c e l l s .  These diastases caused the 
ly s is  o f  the phage-resistant  s t r a in .  The discovery o f  hen egg lysozyme by 
Meyer et al. (1936) was he lp fu l  in  c l a r i f y i n g  the ro le  o f  phage-induced 
lys ins  in  the nascent process. P i r ie  (1939) suggested tha t  an enzyme (not 
o f  bacter ia l  o r ig in )  is  released upon ly s is  o f  bacteria by phages and i t  
acts on the bac ter ia l  ce l l  wal l  and increases the content o f  reducing 
sugar in the growth medium in a s im i la r  way.to lysozyme.
Pette (1953) f i r s t  demonstrated ly s in  production by l a c t i c  
streptococcal phages and showed tha t  l y s in  was produced by phages which 
exhib i ted secondary zones o f  l y s is  around plaques (haloes). Halo formation 
is  widely regarded as a c h a ra c te r is t i c  o f  a lys in-producing phage (Tsugi ta, 
1971). P a r t i a l l y  p u r i f i e d  l y s in ,  lysed s tra ins  which were re s is tan t  to 
the lys in  producing phage.
Further evidence fo r  the ro le  o f  phage lysins in the nascent phage 
phenomenon.is apparent from work by Naylor and Czulak (1956). These workers 
found that  i f  Str, laotls CIO and str. cremoris Cl were grown together, 
and infected wi th  ce r ta in  phages fo r  CIO, (4>C10-1, OClO-11 but not OCIO- 
111) Cl was lysed. str. cremoris Cl did not propagate or  adsorb the phages 
fo r  CIO. Further study revealed tha t  lysates o f  4*010-1 and 4C10-11 
contained a l y t i c  agent other than phage. The l y t i c  agent could be
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d i f fe re n t ia te d  from phage by heat s e n s i t i v i t y ;  a treatment o f  60°C fo r  
5 min inactivated the l y t i c  a c t i v i t y  but not the phage. Fract ionat ion 
o f  the two a c t i v i t i e s ,  was also obtained by Seitz f i l t r a t i o n  whereby l y t i c  
a c t i v i t y  but not phage was lo s t .  In agreement wi th the data o f  Pette 
(1953) the two lys in  producing phages both exhibi ted halo formation whereas 
4C10-111 gave plaques which were not surrounded by a halo.
More recen t ly ,  fu r th e r  evidence fo r  the ro le  o f  phage-induced lys ins  
in the nascent phage phenomenon has been obtained from the work o f  Oram 
and Reiter (1965), T o u rv i l le  and Johnstone (1966) and T o u rv i l le  and Tokuda 
(1967). These workers iso la ted and p a r t i a l l y  characterised several phage 
lys ins and showed tha t  the lys ins  were phage induced and, un l ike phage, 
s t ra in  unspeci f ic . In add i t ion  Oram and Reiter (1965) demonstrated the 
lys is  - from - w i thout o f  several streptococci with  high m u l t i p l i c i t i e s  
o f  phage (13.5) due to the act ion o f  phage t a i l  l y s in .
In th is  section the 4C2(W)-C2 system is p a r t i a l l y  characte rised, 
the nascent e f fe c t  o f  4C2(W) is  demonstrated, and attempts are made to 
determine the mechanism o f  the nascent phenomenon.
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MATERIALS AND METHODS 
ORIGIN OF CULTURES AND BACTERIOPHAGES
Str. lactis s t ra ins  C2, CIO, ML3, 712 and Stv, cvemovis E8 were 
obtained from the cu l tu re  c o l le c t io n  maintained at th is  Department. 
Bacteriophages designated 4C2(W), 4P2 and 4E8 were also obtained from 
th is  source. 4C2(W) was o r i g i n a l l y  iso lated by Mr. A. L. Walker, from 
an infected c u l tu re ,  in 1969 and had been stored in broth at 5°C fo r  
about e ight years when react ivated by the author. Str. lactis C6 and 
Str. diaoetylactis DRC2 were obtained from Dr. B. Keogh, Commonwealth 
S c ie n t i f i c  and Ind us t r ia l  Research Organisation, Melbourne, A us t ra l ia .
Phages 4DRC2 and 4ML1 were also obtained from Dr, Keogh. Str. laotis 
ML8 and Str. cremoris s t ra ins  US3, AMI and US3 in addi t ion to phages <})C10 
and 4ML8(1) were obtained from Dr. T. Cogan, The Ag r icu l tu ra l  I n s t i t u t e ,  
Fermoy, County Cork, Ire land .  Str. cremoris SCI and 4SC1 were obtained 
from Dr. W. E. Sandine, Oregon State Univers i ty ,  USA. Str. cremoris s t ra ins  
Cl3 and SKll and 4ML3 were obtained from Dr. Garvie, National Col lec t ion 
of  Dairy Organisms, N . I .R .D . ,  S h in f ie ld ,  Berks., England. 4712 was obtained 
from Dr. M. Gasson, also o f  the same In s t i t u te .
CULTURE MAINTENANCE
Working cu l tu res  were maintained by weekly t ra ns fe r  o f  a 0.1% (v /v )  
inoculum in s t e r i l e  recons t i tu ted  skim-milk and incubated at 30°C fo r  
14-18 h. Skim-milk was reconst i tu ted using 10% non- fa t -m i lk  so l ids  and 
s te r i l i s e d  by autoclaving at  115°C fo r  15 min. When cul tu res were required 
fo r  studies in mi lk  or  broth media they were subcultured twice in the 
appropriate medium p r io r  to  use. Between t rans fe rs ,  cu l tu res were stored 
at 4-5°C. For longer term storage, 3 ml o f  s t e r i l e  reconst i tu ted skim- 
milk (RSM) were inoculated w i th  1% (v /v)  cu l tu re  and frozen at -30°C.
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P e r io d ic a l l y ,  working cul tu res were streaked onto one o f  the agar 
media c i ted  in the te x t  and cu l tu re  morphology and catalase reaction 
determined to ensure cu l tu re  pu r i t y .
A l l  cu l tu res were tested using the streak technique of  Mullan and 
Walker (1979) to confirm species id e n t i t y .  In addi t ion the a b i l i t y  of  
Str. laotis C2 to ferment ce r ta in  carbohydrates, grow in media conta in ing 
2, 4 and 6.5% (w/v) sodium ch lo r ide ,  grow at 22°, 30°, 38°, 40° and 45°C 
was determined. The s e n s i t i v i t y  o f  th is  s t ra in  to cer ta in  phages was 
also tested. Some c h a rac te r is t i c s  of the s t ra in  used in th is  study are 
shown in Table 1.1.
CARBOHYDRATE UTILISATION
Carbohydrate u t i l i s a t i o n  was studied in a medium e sse n t ia l ly  s im i la r  
to Ml7 (Terzaghi and Sandine, 1975) except tha t  the glycerophosphate component 
was omitted and other carbohydrate or re lated compounds were subst i tu ted 
fo r  lactose. The basal medium contained the fo l low ing  ingredients  dissolved 
in 1 I o f  d i s t i l l e d  water: polypeptone (BBL), 5 g; phytone peptone (BBL),
5 g; lab lemco (Oxoid), 5 g; bromocresol purple (0.1% w/v aqueous so lu t io n ) ,
2.0 ml. The medium was dispensed in 2.5 ml quan t i t ies  and s t e r i l i s e d  
at 121°C fo r  15 min. P r io r  to carbohydrate u t i l i s a t i o n  s tud ies ,  2.5 ml
of  a s t e r i l e  1% (w/v) aqueous so lu t ion  of carbohydrate were added to the
basal medium; so lu t ions  were s te r i l i s e d  at 121°C fo r  15 min. The complete 
medium was inoculated wi th  0.1 ml of a la te  s ta t ionary  phase cu l tu re  (1% 
inoculum, 30°C, 16 h) and incubated at 30°C. Cultures were examined fo r
acid production at  in te rv a ls  over a 72 h period. Acid production was
denoted by the pH in d ic a to r  changing from purple to yel low. None of the 
s tra ins  tested showed evidence o f  growth when inoculated in to  basal media 
which had not been supplemented by addi t ional  carbohydrate.
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Table 1.1 
Some cha rac te r is t ic s  o f  str. lactis C2
Acid from Growth in  PLGYG at
glucose + 22°C +
lactose + 30°C +
galactose + 40°C +
fructose + 45°C
maltose +
dextr in +
Growth in PLGYG contain ing
mannitol +
sucrose - 2% sodium ch lo r ide +
gluconate + 4% sodium ch lo r ide +
g-disodium glycerophosphate 6.5% sodium ch lo r ide -
S e n s i t i v i t y  to  phage
4712 +
4ML 3 +
4C2(W) +
4ML8(1) -
4C10 -
4DRC2 -
4SC1 -
4P2 -
4ML! -
4E8 -
These c h a ra c te r is t ic s  were determined using methods described in t e x t .  
+ ind icates a p o s i t ive  reac t ion ;  - indicates a negative reac t ion .
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PHAGE ASSAY
Phage plaque counts were determined by the s o f t  agar over lay method 
(Adams, 1959; Mullan, 1979) on Ml7 agar (Terzaghi and Sandine, 1975) 
or on PLGYG agar (Mullan, 1977; Mullan, Daly and Fox, 1981b). The 
procedure fol lowed has been described in de ta i l  (Mullan, 1977).
HOST RANGE OF 4C2(W)
Loopfuls o f  phage prepara t ions,d i lu ted to give about 10^ plaque- 
forming un i ts /m l (pfu /ml) ,were spotted onto PLGYG double agar plates in 
which the s o f t  agar had been inoculated with about 10^ colony-forming 
un i ts  (c fu)  o f  the s t ra in  under study (Mullan, 1977; Mullan et al., 1981a). 
Plates were examined a f t e r  18 h incubation at 30°C fo r  l y t i c  zones.
PREPARATION OF PHAGE STOCKS
PLGYG broth was supplemented with  5 mM Ca^^, inoculated w i th  1% 
cu l tu re  and s u f f i c i e n t  phage was added to give a concentrat ion o f  about 
10^ - lc /  pfu /ml.  Infected cu l tu res were incubated at 30°C and lysed before 
4 h. At 6 h, lysates were f i l t e r  s te r i l i s e d  using a syringe mounted swinnex 
f i l t r a t i o n  u n i t  (M i l l i p o re  (U.K.) L td . ,  M i l l ip o re  House, Abbey Road, London) 
f i t t e d  w i th  a 0.45 pm membrane and 2 ml quant i t ies  dispensed ase p t ica l ly  
in to  s t e r i l e  b o t t le s  and frozen at  -22°C. Phage suspensions prepared 
by th is  method contained 10^-10^^ pfu/ml and, as fa r  as the phage in th is  
study were concerned, were stable to freezing and thawing.
ULTRASTRUCTURE OF 4C2(W)
Several procedures were used to produce high t i t r e  phage preparations 
f o r  inve s t iga t ion  by e lectron microscopy. Two methods y ie lded preparations 
o f  4C2(W) which were ea s i ly  v i s i b l e .  In the f i r s t  procedure, a PLGYG
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broth lysa te ,  contain ing about 10^^ pfu /ml, was concentrated to give about 
1310 pfu/ml by u l t r a f i l t r a t i o n .  Concentration and p a r t ia l  p u r i f i c a t io n
o f  phage were achieved by the use of  an Amicon Model 202 u l t r a f i l t r a t i o n
c e l l  (Amicon Corporation, Lexington, Mass, 02173, USA) f i t t e d  w i th  a
Nuclepore membrane (Nuclepore Corporation, Pleasanton, C a l i fo rn ia  94566,
USA), type C, o f  molecular weight cut o f f  100,000 dal tons. The u n i t  was
pressured by ni trogen gas and was operated at 30 p . s . i .  U l t r a f i l t r a t i o n
experiments were performed at  5°C unless stated otherwise. Par t ia l
p u r i f i c a t i o n  o f  the phage-containing concentrate was achieved by washing
the concentrate several times wi th  quarter strength Ringer so lu t ion .  The
second method u t i l i s e d  the observation tha t  during the is o la t io n  and
p u r i f i c a t i o n  o f  phage l y s in  (Chapter 2) both l y s in  and phage were bound
and e a s i ly  eluted from Amberl i te CG50 ion exchange res ins. P a r t i a l l y
p u r i f i e d  phage conta in ing eluent from a CG50 column was concentrated and
13fu r th e r  p u r i f i e d  by u l t r a f i l t r a t i o n  to give about 10 pfu/ml as described 
above. Phage suspension (50 p i )  was negat ive ly st ra ined with  an equal 
volume o f  a 3% (w/v) so lu t ion  of  phosphotungstic acid (pH 7 .0 ) .  Ten pi 
of the mixture were placed in a copper gr id coated wi th  formvar and b lo t ted  
dry. The gr id  was examined at an accelerat ing voltage o f  80 kV using 
a Siemens Elmiskopf 101 e lectron microscope.
ASSAY OF LYTIC ACTIVITY
The a c t i v i t y  o f  l y t i c  enzymes can be determined by methods based 
on e i th e r  turbidmetry or the est imation o f  some s o lu b i l i sed  c e l l  wal lA „ 'I
component. In th is  study turbidmetry was used. A standardised suspension 
of  c e l l s  in  bu f fe r  was mixed w i th  a sample o f  lys in -con ta in ing  mater ia l .
The ly s in  caused the ly s is  o f  the ce l l  suspension and a reduction in the 
op t ica l  densi ty  (O.D.). The enzyme a c t i v i t y  was calcu la ted from the 
decrease in O.D.
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Preparation of  substrate
PLGYG broth (Mullan, 1977; Mullan et al,, 1981b) was inoculated 
wi th  1% cu l tu re  and incubated at 30°C fo r  5 h. A f te r  incubation, cu l tu res 
were cooled to 10°C or less and the c e l l s  pel le ted by cen t r i fug a t ion  at
4,000 r.p.m. fo r  10 min. I f  f resh ly  harvested c e l l s  were used, the c e l ls  
were washed twice in 0.1 M potassium phosphate bu f fe r  pH 6.8 (standard 
b u f fe r ) .  I f  f reeze-dr ied  c e l l s  were used, the c e l l s  were washed twice 
in d i s t i l l e d  water and frozen in th is  medium. Cells were f reeze-dr ied 
in 10-20 ml quan t i t ies  over a 48 h period using an Edwards Freeze Drier  
(Model no. 10-F023-880), Manor Road, Crawley, West Sussex, England. Freeze 
dried c e l l s  were stored in the desiccated. form at 5°C.
Assay procedure
Cells (frozen and thawed, f re sh ly  harvested or f reeze-dr ied)  were 
suspended in standard phosphate bu f fe r  to give an O.D.^^Q o f  0.62-0.75 
using a Spectronic 20 Spectrophotometer (Bausch and Lomb In c . ,  Rochester, 
N.Y., USA). Five ml o f  standardised c e l l  suspension were added to a cuvette 
and tempered to 37° ± 0.1°C in a the rm osta t ica l ly  con t ro l led  water bath 
and depending upon l y t i c  a c t i v i t y  o f  the sample, 0 .1-1.0 ml o f  l y s in -  
conta in ing so lu t ion  was added. The mixture was mixed b r i e f l y  w i th  a vortex 
mixer and O.D.^^q readings taken at 30 sec in te rva ls  over a 2-6 min period. 
Samples were mixed p e r io d ic a l l y .  O.D. readings were p lo t ted  against time 
and only the values on the l in e a r  port ion o f  the graphs were used fo r  
c a lcu la t ion .  With some preparations e.g. Stv, lactis CIO, appreciable 
au to lys is  was observed on occasions and compensation fo r  a u to ly t i c  a c t i v i t y  
was necessary i f  low t i t r e  l y s in  preparations were assayed. L i t t l e  or 
no a u to ly t i c  a c t i v i t y  was apparent wi th  freeze-dried c e l l s  o f  C2 suspended 
in standard bu f fe r  f o r  30 min at  37°C. One un i t  o f  enzyme a c t i v i t y  was
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defined as tha t  concentrat ion o f  phage ly s in  which gave a decrease in 
absorbancy o f  0.001 un its/min under the reaction condi t ions defined above. 
Unless stated otherwise ly s in  assays were performed with  freeze-dr ied 
c e l l s  o f  C2. In l a te r  experiments a Bausch and Lomb Model 1200 C l in ica l  
Analyser was used. This instrument was f i t t e d  with a p r in te r  and 
the rm os ta t ica l ly  con tro l led  c e l l .  In some experiments a Shimadzu UV 120-01 
spectrophotometer (14-5, Uchikanda 1-chôme, Chiyoda-ku, Tokio, Japan), 
f i t t e d  w i th  a thermoregulated ce l l  holder and coupled to a chart  recorder 
was used.
Relat ionship between op t ica l  density and colony forming un i ts  (c fu ) fo r  
Stv, taotis C2
To enable the reader to re la te  cfu and O.D.^^q a standard curve 
was prepared and is  shown in Figure 1.1. The curve was obtained by 
harvesting a log phase cu l tu re  o f  C2 by cen t r i fug a t io n .  The p e l le t  was 
washed once in standard phosphate bu f fe r  and the washed c e l l s  d i lu ted  
wi th  bu f fe r  to give a series of  ce l l  suspensions o f  known O.D.^^q. The 
number o f  cfu/ml vtob obtained by the pour plate method using PLGYG agar. 
D i lu t ions  were made in quarter strength Ringer so lu t ion  and plates were 
incubated a t  30°C fo r  48 h. The curve obtained conformed with  the equation 
y = 1.39x + 7.11. The co r re la t ion  c o e f f i c ie n t  ( l in e a r  R) was 0.998.
PHAGE REMOVAL FROM 4C2(W) LYSATES
In pre l im inary  experiments two methods of  phage removal were stud ied: '  
p r e c ip i ta t io n  and ce n t r i fug a t ion .
P re c ip i ta t io n
Acetone at -20°C was added to lysates, held in a water bath at 4°C, 
to give a concentrat ion of  40% (v /v )  (Oram and Rei te r ,  1965). A dense
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Figure 1.1 Relat ionship between O.D.^^q and cfu/ml fo r  
Stv, lactis C2
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Log phase ce l ls  o f  Str. lactis were recovered from PLGYG broth by 
cen t r i fug a t io n  and suspended in  fresh medium to give a series o f  ce l l  
suspensions o f  d i f f e re n t  O.D. values, cfu were determined using the 
pour p late  method and PLGYG agar. Results shown are means o f  two 
determinations
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white p rec ip i ta te  formed immediately and was l e f t  to s e t t le  overnight 
at 5°C. Next morning the c lea r  l i q u id  was c a re fu l l y  decanted from the 
p rec ip i ta te  and f i l t e r e d  through Whatman No. 40 paper, using suction.
Centr i fugation
Phage was sedimented by ce n t r i fuga t io n  at 75,000 x g fo r  4 h in a 
MSE high speed cen t r i fuge .  Temperature was maintained at 4°C during 
c en t r i fuga t ion .
ADSORPTION OF PHAGE TO LACTIC STREPTOCOCCI
The method used has been described in de ta i l  (Mullan, 1977; Mullan 
et al.  ^ 1981a) and was s im i la r  to  tha t  described by Keogh (1973) except 
tha t  PLGYG broth and agar media were used.
LYTIC ACTIVITY IN THE SUPERNATANTS OF BROKEN AND UNBROKEN CELLS 
OF Str. lactis C2 INFECTED WITH 4C2(W)
PLGYG broth was inoculated w i th  C2 and grown at 30°C to give an 
450O.D..rp, o f  about 0.8. This corresponds to about 2 x 10^ c fu /m l . At th is
po int 5 mM Ca^^ and s u f f i c i e n t  phage to give a MOI of  about ten were added. 
A f te r  mixing, a ser ies o f  10 ml cu l tu res was prepared and placed in 
McCartney b o t t le s .  Cultures were incubated at 30°C and at in te rv a ls  removed, 
c h i l l e d  ra p id ly  to <5°C in a c i r c u la t i n g  ethylene glycol so lu t ion  at 2°C 
and e i th e r  broken by sonication to obtain an estimate of  the i n t r a c e l l u l a r  
concentrat ion o f  l y s in  or f i l t e r e d  to give a c e l l - f r e e  supernatant which 
was used to determine the e x t r a c e l l u la r  concentration o f  l y s in .
Sonication was performed using a Rapidis Ul trasonic D is in teg ra to r ,
Model 350G (U l trasonics L td . ,  Shipley,  Yorks, England) f i t t e d  wi th  a 9.5 
mm diameter t i p .  The t i p  ( c h i l l e d  to about 3°-5°C) was inserted in to
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cu l tu re  bo t t les  and was operated at power se t t ing  7 and tuning se t t in g
1.5 fo r  4 min. During son ication samples were cooled by contact w i th  
a c i r c u la t in g  ethylene glycol  so lu t ion  at 2°C. The sample temperature 
did not exceed 9°C during c e l l u l a r  d is rup t ion .  Sonication reduced the 
absorbance value to about 0.23. Broken ce l ls  were removed using a syringe 
mounted f i l t r a t i o n  un i t  conta in ing a 0.45 pm f i l t e r  and the f i l t r a t e  was 
analysed fo r  ly s in .  Sonication o f  f i l t e r  s t e r i l i s e d  broth lysates (conta in ing 
about 100 u/ml o f  l y s in )  revealed tha t  the sonication condi t ions described 
above had no s ig n i f i c a n t  e f f e c t  on l y t i c  a c t i v i t y .
DETERMINATION OF PROTEIN
Protein analyses were performed using the Bio-Rad pro te in  assay 
(Bio-Rad Laboratory L td . ,  27 Homesdale Road, Bromley, Kent) according 
to the ins t ruc t ions  given in Bio-Rad Technical B u l le t in  1069. The Bio- 
Rad assay is  based on the observation tha t  the absorbance maximum fo r  
an ac id ic  so lu t ion  of  Coomassie B r i l l i a n t  Blue G-250 s h i f t s  from 465 nm 
to 595 nm when binding o f  p ro te in  occurs and is  a modi f icat ion o f  the 
method described by Bradford (1976). Bovine serum albumin was used as 
the prote in standard.
PREPARATION OF LYSIN-FREE PHAGE PREPARATIONS BY NEGATIVE CHROMATOGRAPHY 
ON THE DYE LIGAND GREEN A
In an attempt to p u r i f y  cf>C2(W)-induced lys in  by dye-l igand 
chromatography (Chapter 2) i t  was observed that  phage ly s in  but not phage 
was bound by the l igand Green A. This observation formed the basis o f  
the method described in th is  section fo r  the preparation o f  h ig h - t i t r e  
preparations o f  ^C2(W) which did not contain ly s in .
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Small scale lys in  removal
The Green A column was obtained from the Amicon Dyematrex Screening 
k i t  fo r  prote in p u r i f i c a t io n  (Amicon L td . ,  Amicon House, 2 Kingsway, Woking, 
Surrey, UK) and contained 2 ml of  gel.  The gel was regenerated w i th  12 
ml o f  a 0.5 M so lu t ion  o f  sodium hydroxide, which also contained 6 M urea, 
to remove free dye. The column was equ i l ib ra ted  with  12 ml o f  20 mM Tr is  
(2-amino-2hydroxymethyl-1-3 propandiol hydrochloride),  pH 6.8 as described 
in Amicon Technical pub l ica t ion  1-190 which accompanied the Dyematrex 
k i t .  Two ml o f  lys in -co n ta in in g  so lu t ion  were appl ied to the column.
The f i r s t  ml o f  e f f lu e n t  was discarded. Ten ml of  e q u i l i b ra t io n  bu f fe r  
were then added and the f i r s t  2 ml co l lec ted .  This f ra c t io n  contained 
phage but not l y s in .  Larger qu an t i t ies  o f  ly s in - f re e  phage preparations 
were obtained by chromatography on a larger column. A 30 x 1.5 cm column 
was packed with the Green A (Amicon L td . ,  Amicon House, 2 Kingsway, Woking, 
Surrey, UK) which was suspended in e q u i l ib ra t io n  bu f fe r .  The bed height 
was adjusted to 23 cm and free dye removed by e lu t ion  wi th  the regeneration 
so lu t ion .  The column was washed free o f  regeneration so lu t ion  and 
equ i l ib ra ted  wi th  b u f fe r  u n t i l  the pH reached 6.8. The void volume o f  
the column was about 40 ml. Pre l iminary  experiments establ ished tha t  
the column had s u f f i c i e n t  capaci ty  to bind the lys in  contained in a 100 
ml volume o f  a crude PLGYG broth lysate  or in 90 ml of  p a r t i a l l y  p u r i f i e d  
ly s in  obtained by ion exchange on CG50 (Chapter 2). Lysin-conta in ing 
material was appl ied to the column using a f low rate o f  60 ml h  ^ ( l i n e a r  
f low rate o f  about 34 ml cm h ^ ) .  Matrex gel media have been reported 
to be run at f low rate up to 80 cm/h with only minimal compression (Amicon 
pub l ica t ion  1-191: Operating ins t ruc t ions  fo r  Matrex Gels Blue A, Red
A, Orange A, Green A and Blue B). The void volume was discarded and the 
eluent co l lec ted .  The e q u i l i b r a t i o n  buf fer  was used to displace the material
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held up in the column. The l y s in - f r e e  eluant was concentrated by 
u l t r a f i l t r a t i o n  as described prev ious ly .
EFFECT OF INFECTING PAIRED PHAGE-UNRELATED SINGLE-STRAIN STARTER 
CULTURES WITH fC2(W)
S ing le -s t ra in  cu l tu res were inoculated at the 1% (v /v )  level in to  
s t e r i l e  reconst i tu ted skim-milk (RSM) of  10% T.S. and incubated at 22°C 
f o r  16 h. Paired phage-unrelated cul tu res were blended to give mixtures 
containing s im i la r  c e l l  populat ions by mixing 5 ml quan t i t ies  o f  f re sh ly  
coagulated cu l tu res .  The mixtures were used to inoculate  s t e r i l e  RSM 
at the 2% ( v /v )  level and div ided in to  two port ions, one o f  which was 
infected wi th s u f f i c i e n t  ^C2(W) to give 1.4 x lo'^ p fu /m l . Phage-infected 
and contro l cu l tu res were dispensed in 10 ml quant i t ies  in to  McCartney 
bo t t les  and incubated at  30°C fo r  5 h. At th is  time the pH of  both 
in fected and contro l cu l tu res  and the phage t i t r e  in in fec ted cu l tu res 
were determined. For the l a t t e r  1 ml o f  5% (v /v)  l a c t i c  acid was added 
to p rec ip i ta te  the pro te in .  The whey was t i t r e d  a f te r  cen t r i fuga t io n  
at  5,000 X g fo r  10 min.
EFFECT OF INFECTING A MULTI-STRAIN CULTURE WITH 4C2(W)
A m u l t i - s t r a in  cu l tu re  conta in ing s im i la r  c e l l  numbers o f  C2, CIO 
and ML8 was prepared e s s e n t ia l l y  as described fo r  the pa i red -s t ra in  mixtures 
and 4 ml o f  the s ta r t e r  added to 196 ml o f  s t e r i l e  RSM. The RSM was then 
divided in to  three cu l tu res o f  equal volume. Two of  the cu l tu res were 
in fected w i th  ^C2(W) to give phage concentrat ions of  about 2 x 1 0  pfu/ml 
and 2 x 10^ pfu/ml respec t ive ly .  The remaining cu l tu re  served as the 
con t ro l .  Control and in fec ted cu l tu res were dispensed in 5 ml quan t i t ie s  
in to  s t e r i l e  McCartney b o t t le s ,  and incubated at 30*C. At in te rva ls  the 
bo t t les  were removed and the a c id i t y  was measured by pH determinat ion.
32
Phage re p l i c a t io n  was determined in infected cul tu res as previously 
described.
DETERMINATION OF THE MINIMUM CONTENT OF C2 REQUIRED FOR INHIBITION 
OF A MULTI-STRAIN CULTURE INFECTED WITH 0C2(W)
Five ml quan t i t ie s  o f  la te  s ta t ionary  phase cu l tu res (1%, 16 h,
22°C) o f  CIO, ML8 and C2 in RSM were d i lu ted  wi th  5 ml o f  s t e r i l e  uninoculated 
RSM and mixed wi th  a vortex mixer. D i lu t ion  was necessary to al low accurate 
p ipe t t ing  to enable the preparation of  mixtures contain ing d i f f e r e n t  leve ls  
o f  stv. laotts C2. The ML8 and CIO cultures were mixed and four  4 ml 
a l iquots  o f  the mixture were removed and placed in s t e r i l e  te s t  tubes 
to give a to ta l  o f  f i v e  tubes containing a mixture of  CIO and ML8.
S u f f i c ie n t  C2 cu l tu re  was added to each tube to give m u l t i - s t r a in  cu l tu res  
containing 1, 5, 10, 20 and 50% (v /v )  of  C2 respect ive ly .  Duplicate 2 
ml quan t i t ies  o f  each mixture were removed and used to inoculate  two 48 
ml lo ts  o f  RSM. One of  the cu l tu res served as a control  and the remaining 
cu l tu re  was in fected w i th  ^C2(W) to give 1.4 x 10 pfu/ml. A series o f  
5 ml cu l tu res was prepared from each control and phage-infected cu l tu re  
and incubated at 30°C. At in te rva ls  cultures were examined fo r  acid 
production.
REAGENTS
Al l  reagents used were o f  'Analar '  or highest q u a l i t y  ava i lab le  
and except where ind icated in the te x t  were obtained from BDH Chemicals,
Poole, Dorset, England or Sigma, Sigma Chemicals, Fancy Road, Poole,
Dorset.
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RESULTS
PARTIAL CHARACTERISATION OF ^C2(W)
C la ss i f ica t io n  o f  Group N streptococcal phages is  s t i l l  in the ear ly  
stages of  development. In the absence of  an accepted c la s s i f i c a t io n  scheme 
fo r  these phages an attempt has been made to p a r t i a l l y  characterise 4^2(W) 
by plaque morphology, host range, u l t ra s t ru c tu re ,  la te n t  period and burst 
size and the e f fe c t  o f  temperature on phage re p l ic a t io n .  The ob jec t  o f  
th is  work was to d i f f e r e n t i a t e  the 4C2(W) phages from other phages fo r  
C2 or the re la ted s t ra ins  712 and ML3 (Davies et al,, 1981).
Plaque morphology
The ^C2(W)-C2 phage-host system exh ib i ts  'haloes' around plaques 
(Plate 1 .1 ) .  Chloroform treatment (Tsugita, 1971) did not extend the 
zone of  halo formation nor was i t  necessary to demonstrate the phenomenon. 
S l igh t  halo formation was apparent a f t e r  18 h incubation at 30°C and became 
more pronounced w i th  increasing incubation time. Halo formation was 
p a r t i c u la r l y  pronounced a f t e r  48 h at 30°C. The.phenomenon was accelerated 
i f  phage plates incubated at 30°C were removed a f te r  6 h and t rans fe rred 
to 37°C fo r  a fu r th e r  14 h. This treatment gave plaques surrounded by 
haloes o f  size comparable w i th  plaques held at 30°C fo r  48 h. Halo formation 
around plaques also occurred at 5°C. I f  phage plates were removed a f t e r  
14-16 h incubation at 30°C, at which time only s l i g h t  evidence o f  halo 
formation was apparent, and transfe rred to 5°C halo formation continued 
at a slow rate and was apparent a f t e r  about two weeks incubation. 4>C2(W) 
produced plaques on PLGYG or Ml7 agar whether or not the medium was 
supplemented w i th  Ca^^T Calcium add i t ion ,  however, was required fo r  halo 
formation and good zones o f  secondary ly s is  were obtained i f  Ml7 was 
supplemented w i th  10 mM Ca^^T Supplementation of  assay media w i th  Ca++
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Plate 1.1 Morphology o f  plaques produced by 4>C2(W) on 
Str. lactis C2
Plaques were photographed against a dark background a f te r  48 h 
incubation on Ml7 agar at 30°C
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Table 1.2
Ef fec t  o f  Ca^^ addi t ion to Ml7 agar on the t i t r e  of  (|)C2(W)
Calcium addi t ion (mM) pfu/ml
7 .5  X 10^°
10 13.0 X 10^°
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increased the e f f ic ie n c y  of  p la t in g ,  however (Table 1.2) .  Sat is fac tory  
demonstration o f  the halo phenomenon was also found to depend upon the 
bu f fe r ing  capaci ty o f  the phage assay medium. Ml7 agar cons is ten t ly  gave 
la rger  zones o f  secondary ly s is  than PLGYG agar but haloes of  s im i la r  
size were obtained i f  PLGYG was supplemented wi th s u f f i c i e n t  glycerophosphate 
(GP) to give a medium conta in ing a s im i la r  level o f  GP to Ml7.
Host range
fC2(W) lysed str. laotis s t ra ins  C2, 712 and ML3. Strains DRC2,
CIO, ML8 , SCI, E8 , AMI, AM2, US3, SK l l ,  R6 , UG1246 and C6 did not propagate 
fC2(W).
E f fec t  o f  temperature on t h e , production o f  4>C2(W) by C2 in PLGYG broth
Temperatures in the region 30°-40°C have been reported to have a 
major e f fe c t  on the re p l ic a t io n  o f  some Group N streptococcal phages 
(Mullan et al,, 1981a; Mullan et al., 1981b). Mullan et al, (1981a) 
have suggested tha t  the a b i l i t y  o f  streptococcal phage-host systems to 
propagate phage in the region 30°-40°C may be useful in the d i f f e r e n t i a t i o n  
o f  some phages. I t  is  apparent (Figure 1.2) tha t  </>C2(W) is  not temperature- 
sens i t ive  over the temperature range studied.  For comparison the growth 
response o f  C2 at each temperature studied is  also shown. I t  is  obvious 
tha t  the re p l ic a t io n  rate o f  4C2(W) is considerably greater than tha t  
o f  i t s  host.
U l t ra s t ruc tu re  of  fC2(W)
Electron microscopy (Plates 1.2a, 1.2b) revealed tha t  ^C2(W) had 
a pro late  head and a non-con trac t i le  t a i l  which did not appear to possess 
a terminal t a i l  s t ruc tu re .  The ^C2(W) v i rus had a to ta l  p a r t i c le  length, 
head diameter, head length , and t a i l  diameter of  about 144-146 nm.
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Figure 1.2 E ffect o f  temperature on ce l l  growth and 4>C2(W)
production by Str. lactis C2 in PLGYG broth
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Plate 1.2 Par t ic le  morphology o f  4>C2(W) negat ive ly-s ta ined with 
phosphotungstic ac i d
(a) X 100,000
(b) X 300,000
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44-46 nm, 54-56 nm, 90 nm and 8.5 nm respect ive ly .  Phage ghosts are also 
apparent in Plate 1.2a.
Latent period and burst  size o f  fC2(W)
The la te n t  period, r i s e  period and burst size o f  4>C2{W) on C2 in 
PLGYG broth at  30°C was about 20 min, 35 min and 148 p a r t i c le s ,  respect ive ly .  
The resu l ts  o f  a typ ica l  experiment are shown in Figure 1.3.
EFFECT OF INFECTING PAIRED-STRAIN CULTURES WITH fC2(W)
Paired and m u l t i - s t r a in  cultu res containing phage-unrelated s tra ins  
o f  Group N streptococci  are widely used as s ta r te r  cu l tu res in the manufacture 
o f  cheese and other fermented dairy products (Lawrence et al,, 1976).
The use o f  these cu l tu res is  widely accepted to give protect ion from 
fermentation f a i l u r e  re s u l t in g  from phage in fe c t io n ,  since in the event 
o f  phage in fe c t io n  the surv iv ing s t ra in  or s t ra ins  continue to produce 
acid and enable completion of  the fermentat ion.
In th is  section experiments were designed to invest iga te  the e f fe c t  
o f  in fe c t in g  pa i red -s t ra in  cul tu res containing C2 with  fC2(W). The 
component s t ra in  present in each cu l tu re  w i th  C2 did not propagate fC2(W).
Since in h ib i t o r y  s t ra ins  o f  Group N streptococci  have been reported 
( fo r  a review see Rei te r  and M01ler-Madsen, 1963) pre l im inary  experiments 
Were undertaken to exclude any combinations which were i n h ib i t o r y .
Experiments performed using a streaking technique fa i le d  to reveal any 
i n h ib i t o r y  e f fec ts  between C2 and the component s t ra ins  o f  the paired 
s t ra in  cu l tu res .  The value o f  th is  technique in i s o la t in g  streptococci 
which produce i n h ib i t o r y  substance against other s t ra ins  was apparent 
from con tr ibu t ions  presented at a recent In ternat iona l  C irc le  o f  Dairy 
Research Leader's Conference by von Geiss and Teuber (1981). None o f
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the s t ra ins  studied has been reported as hosts fo r  the temperate phage 
res ident in C2 (McKay and Baldwin, 1973). Because there is  no l i t e r a tu r e  
ava i lab le  describ ing common phages f o r  C2 and any of  the s tra ins  used 
in the combinations these cu l tu res are probably phage-unrelated. However, 
the term phage-unrelated is  used only to describe the phage re la t ionsh ip  
e x is t in g  between the component s t ra ins  o f  each cu l tu re  and fC2(W).
E f fec t  o f  in fe c t in g  paired phage-unrelated cul tu res containing 
Str, laot'is C2 w i th  fC2(W)
The resu l ts  o f  a typ ica l  experiment are shown in Table 1.3 and reveal 
tha t  acid production was in h ib i te d  f o r  s ix  o f  the e ight  pa i red -s t ra in  
combinations. Acid production was only s l i g h t l y  af fected fo r  two cu l tu res ,  
AM2 + C2 and US3 + C2. That phage in fe c t io n  did not i n h i b i t  acid production 
by the component s t ra ins  o f  the cu l tu res shown in Table 1.3 is apparent 
from the resu l ts  presented in Table 1.4 The pH at ta ined in the infected 
AM2 + C2 and US3 + C2 cul tu res at 6 h is  compatible with tha t  attained 
when a 1% inoculum o f  US3 or AM2 was used. The pH at 6 h in RSM inoculated 
w i th  1% AM2 or US3 was about 5-5.1.  I t  is  also apparent from Table 1.3 
tha t  extensive re p l ic a t io n  of  ^C2(W) occurred in a l l  in fected cu l tu res .
The data shown in Table 1.3 were reproducible providing tha t  the 
i n i t i a l  phage level  was c a r e fu l l y  con tro l led  and s im i la r  inoculum rates 
were used. I f  high concentrations (>10^ pfu/ml) o f  fC2(W) were used to 
in fe c t  cu l tu res o f  C2 + CIO, s i g n i f i c a n t  i n h ib i t i o n  o f  acid production 
was not obtained.
In some experiments, the to ta l  viab le  count o f  s ta r te r  organisms 
was determined on some o f  the in fected cul tu res which showed marked 
i n h ib i t i o n  o f  acid production. The data presented in Table 1.5 revea‘\
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Table 1.3
E f fec t  o f  in fe c t in g  paired phage-unrelated s in g le -s t ra in
s ta r te rs  wi th  ^C2 (W)
Culture -phage
pH at  6 h 
+phage p f u / m l a t  6 h (x 10^)
C2 + CIO 
C2 + ML8 
C2 + SCI 
C2 + C6 
C2 + AM2 
C2 + SKll 
C2 + E8 
C2 + US3
4.83
4,85
5.0
4.91
4.79
4.88
5.13
4.93
6.16 
6 . 2 2  
6.15 
6.18 
4.98 
5.63 
5.78 
5.25
98
117
133
153
276
81
79
61
^S u f f ic ien t  phage was added to give 1.3 x 10^ pfu/ml.
43
Table 1.4
E f fec t  o f  in fe c t in g  s in g le -s t ra in  cu l tu res o f  l a c t i c  streptococci
wi th  <f)C2(W)
pH at 6 h
S tra in   ^2 )
-phage +phage^
C2 4.92 6.36
CIO 4.83 4.82
ML8 4.88 4.88
E8 5.07 5.10
SCI 5 . 6 5 .6
US3 5.08 5.07
C6 ' 4.95 4.95
SKll 4.96 4.94
^Strains were inoculated (2% v /v )  in to  s t e r i l e  RSM (10% T.S.) and 
incubated at 30°C.
^^^S u f f ic ien t  phage was added to give 1.4 x 10^ pfu/ml
44
Table 1.5
Total v iab le counts in phage-infected pa i red -s t ra in  cu l tu res
Phage-infected cu l tu re  pH at 6 h cfu/ml at 6 h (x 10^)
C2 + CIO 6.2 10.0
C2 + C6 6.2 0.57
C2 + ML8 6.16 30
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tha t  the ce l l  numbers in in fected cu l tu res were low a f te r  6 h incubation. 
Colony forming un its  in contro l  cu l tu res were in the region o f  1-3 x 10^ 
c fu /ml .
The resu l ts  o f  the previous experiment bear a marked s i m i l a r i t y  
to  the 'nascent phage phenomenon' reported by Anderson and Meanwell (1942), 
Nichols and Wolfe (1945), Col l ins  (1952a) and Whitehead et al. (1952).
Whitehead et al. (1953) have suggested that  th is  phenomenon was 
due to the adsorption o f  phage to non-homologous s tra ins  present in  the 
phage-infected cu l tu re .  Although these s t ra ins  did not propagate the 
phage, the adsorbed phage was thought to d is rup t  host metabolism, a process 
presumably leading to c e l l  death. To determine whether adsorption of  
phage to component s t ra ins  present in the cu l tu res could be a fa c to r  involved 
in  the in h ib i t io n  observed in the previous experiment the a b i l i t y  o f  fC2(W) 
to adsorb to various la c t i c  streptococcal s t ra ins  was determined (Table 
1.6) .  I t  is  apparent tha t  4C2(W) adsorbed to s t ra ins  other than those 
on which i t  rep l ica ted .  The phage did not adsorb to SCI and did not adsorb 
e f f i c i e n t l y  to E8 . Since pa i red -s t ra in  cu l tu res containing SCI and E8 
were inh ib i ted  by fC2(W) adsorption o f  ^C2(W) did not appear to be a 
prerequ is i te  f o r  the i n h ib i t i o n  o f  the phage-infected cul tu res shown in 
Table 1.3.
Naylor and Czulak (1956) suggested that  the production of  phage- 
associated lys in  by phage-infected s ta r te r  cu l tu res was responsible fo r  
the nascent phage phenomenon. An attempt was made to detect l y t i c  a c t i v i t y  
d i s t i n c t  from p a r t icu la te  phage in fC2(W) lysates.
BACTERIOLYTIC ACTIVITY OF ^C2(W) LYSATES
The a c t i v i t y  o f  a fC2(W) lysate containing about 5 x 10^^ pfu/ml 
towards la c t i c  streptococci  is  shown in Figure 1.4. A marked decrease
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Table 1.6
Adsorption o f  0C2(W) by some la c t i c  streptococci
Stra in % Adsorption
C2 99
E8 14
ML8 27
CIO 54
SCI 0
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Figure 1.4 Ly t ic  a c t i v i t y  of  a 0C2(W) lysate o f  
Str. lactis C2 towards l a c t i c  streptococci
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in O.D. wi th time was observed w i th  a l l  s t ra ins .  This decrease did not 
occur in contro ls  in which phage lysate was not added or when heat- t rea ted 
lysate (90°C fo r  5 min) was used. Examination of  ce l l  suspensions, incubated 
wi th  lysate fo r  1 h at 37°C, using phase contrast microscopy revealed 
extensive c e l l u l a r  l y s is  confirming tha t  the decrease in O.D. was due 
to ce l l  l y s is .  Cel ls in the process o f  lys is  were also observed. The 
i n i t i a l l y  phase b r ig h t  c e l l s ,  increased in s ize,  l o s t  r e t r a c t i l i t y  and 
merged almost completely in to  the background leaving a f a i n t  'ghost '  l i k e  
remnant. Rapid d isso lu t ion  o f  chains in to  co l lec t ions  of  s ing le  cocci 
was also a c h a ra c te r is t i c  o f  the act ion of  (f)C2 (W) lysates on ce l l  
suspensions.
The lysate used gave an a c t i v i t y  o f  150 u/ml when assayed f o r  l y t i c  
a c t i v i t y  wi th  f reeze-dr ied C2 c e l ls  as described on p24. The resu l ts  
show that  l y t i c  a c t i v i t y  was observed against the producer s t ra in  and 
also against s t ra ins  which did not propagate ^C2(W). That f reeze-dry ing 
markedly increased the s e n s i t i v i t y  o f  C2 to the l y t i c  agent is  also apparent.
Assay of  l y t i c  a c t i v i t y
The e f fe c t  o f  substrate ( c e l l )  concentrat ion on the l y t i c  a c t i v i t y  
o f  a d i lu ted  p a r t i a l l y  p u r i f i e d  preparation o f  the l y t i c  agent present 
in 'f)C2(W) lysates is  shown in Figure 1.5. Because the slopes o f  the l in e a r  
regions of  the graphs are almost p a r a l l e l ,  the resu l ts  suggest tha t  the 
assay of  l y t i c  a c t i v i t y  is  not substra te l im i ted  fo r  c e l l  concentrat ions 
equivalent to an O.D.^^q o f  0.4 or higher. However, more de ta i led  work 
(Table 1.7) suggested tha t  the assay o f  l y t i c  a c t i v i t y  was substrate l im i te d  
up to a ce l l  concentrat ion equivalent  to an O.D.^gQ o f  about 0.6. Because 
o f  th is  f ind ing  a l l  assays were performed using c e l l  suspensions adjusted 
to give an i n i t i a l  O.D.^^q reading o f  at least 0.62. That the assay
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Figure 1.5 E f fec t  o f  substrate concentrat ion in  the 
ly s i s  o f  str. iQctvB C2 by a 4>C2(W) lysate
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Freeze-dried c e l l s  o f  Str. lactts C2 were suspended in 
0.1 M K-phosphate b u f fe r ,  pH 6,7 to give suspensions w i th  
the O.D.^^q values shown. Five mis o f  c e l l  suspension 
were mixed with  1 ml o f  a ^C2 (W) lysate and the rate 
o f  c e l l  l y s is  at 37°C measured
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Table 1.7
E f fec t  o f  substrate concentrat ion on the 
a c t i v i t y  o f  0C2(W) lys in
I n i t i a l  O.O.^^Q Enzyme a c t i v i t y  (p/ml)
0.39 145
0.54 155
0.62 210
0.8 190
0.95 215
Freeze-dried str. lactis C2 c e l l s  were suspended in 0.1 M K-phosphate 
buffer, pH 6.7 to give the op t ica l  densi t ies ind icated and were used to 
t i t r e  a p a r t i a l l y  p u r i f ie d  0C2(W) lys in  preparation.
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gave a l in e a r  response between concentrat ion o f  l y t i c  agent and l y t i c  
a c t i v i t y  is  shown in Figure 1.6.
Relat ionship between phage and l y t i c  a c t i v i t y  in ^C2(W) lysates
I f  fC2(W) is  involved d i r e c t l y  in the l y t i c  a c t i v i t y  of  phage lysates 
towards s t ra ins  which do not propagate th is  phage (non-homologous s t ra ins )  
a good c o r re la t io n  should ex is t  between phage and ly s in  leve ls  in broth 
lysates. To te s t  th is  hypothesis lysates were produced contain ing d i f f e r in g  
phage concentrat ions by varying the i n i t i a l  phage to coccus ra t i o  
( m u l t i p l i c i t y  of  in fec t ion  - MOl). A re la t ionsh ip  between phage and lys in  
leve ls  was found (Table 1 .8 ) ;  the higher the phage le v e l ,  the higher 
the concentrat ion o f  l y t i c  a c t i v i t y .  However, a proport ionate increase 
in l y s in  concentrat ion was not found. This f ind ing  suggests tha t  the 
l y t i c  a c t i v i t y  o f  fC2(W) lysates towards non-homologous s t ra ins  is  not 
d i r e c t l y  due to #C2(W).
E f fec t  o f  phage removal on the l y t i c  a c t i v i t y  of  ^C2(W) lysates
I f  the l y t i c  a c t i v i t y  o f  phage lysates is d i r e c t l y  associated with 
the presence o f  pa r t icu la te  phage, phage removal should reduce l y t i c  
a c t i v i t y .  Two methods of  phage removal were used, namely, acetone 
p r e c ip i ta t io n  and high speed cen t r i fug a t io n .  Although both methods removed 
more than 95% o f  the phage present appreciable concentrat ions o f  phage 
remained (Table 1.9 ).  Centr i fugation was p a r t i c u la r l y  e f fe c t iv e  but high 
cen t r i fuga l  forces and long cen t r i fuga t ion  times were required. Since 
the l y t i c  a c t i v i t y  o f  fC2(W) lysates was not s i g n i f i c a n t l y  affected by 
e i th e r  method o f  phage removal, i t  is  apparent tha t  the l y t i c  agent present 
in lysates is  d i s t i n c t  from phage. Furthermore the resu l ts  ind icate  tha t  
the l y t i c  agent has a considerably lower p a r t i c le  weight.
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Figure 1.6 Relat ionship between lys in  concentrat ion and 
l y t i c  a c t i v i t y
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A fC2(W) lysate was concentrated and desalted by u l t r a f i l t r a t i o n  
using the Amicon YM30 membrane. The concentrate was d i lu ted  wi th 
0.05 M K-phosphate bu f fe r  to give a series o f  l y s in  containing 
solu t ions o f  d i f f e r i n g  prote in content. Protein and l y t i c  a c t i v i t y  
were determined fo r  each so lu t ion .
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Table T.8
Phage and lys in  leve ls  in PLGYG broth lysates
Phage (p fu /m l ) Lysin (p/ml)
3 X 10® 60
3 X 10^® 100
7 X 10^° 148
A series o f  ^C2(W) - C2 PLGYG broth lysates were produced, in which 
the i n i t i a l  phage-coccus ra t io  was var ied, to  study the re la t ionsh ip  
between phage and ly s in  concentrat ion in 4>C2(W) lysates.
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Ef f e c t  o f  pH on the l y t i c  a c t i v i t y  o f  <PC2(U) lysates
Adjustment of lysates (with d i l u t e  l a c t i c  acid) to  pH values o f
4.5 or  less resulted in appreciable loss o f  l y t i c  a c t i v i t y .  I r re ve rs ib le  
loss o f  a c t i v i t y  occurred a t  pH values of  3.0 or less.
ATTEMPTS TO INDUCE THE LYSIS-FROM-WITHOUT OF S tr .  laotls C2 WITH
HIGH CONCENTRATIONS OF 0C2(W)
I t  is  general ly accepted tha t  l a c t i c  streptococcal phages in fe c t  
host bacter ia  a f te r  f i r s t  breaking down the c e l l  wal l  wi th a l y t i c  enzyme 
which is  associated with  the t a i l  o f  the phage (Re i te r ,  1973; Law and 
Sharpe, 1978). In order to obtain fu r th e r  informat ion concerning the 
nature o f  the l y t i c  a c t i v i t y  present in 4>C2(W) lysates,  attempts were 
made to determine whether p a r t ic le s  o f  th is  phage were l y t i c  per se i . e .  
whether 4>C2(W) possessed a l y t i c  enzyme or not. One method of obta in ing
th is  information is  to determine whether a phage can induce lys is - f rom -
without  (Tsugita, 1971). Although lys is - f rom-w i thou t  has been demonstrated 
f requen t ly  wi th  Gram-negative bac te r ia ,  comparatively few accounts are 
ava i lab le  documenting th is  phenomenon fo r  Gram-positive organisms.
The f i r s t  report  o f  the lys is - f rom -w i thou t  o f  Group N streptococci 
by phage was described by Oram and Rei ter (1965). These workers working 
w i th  a lys in-producing phage, 4^L3, reported lys is - f rom-w i thout  o f  several 
l a c t i c  streptococci  in 0.1 M potassium phosphate bu f fe r ,  pH 6.7 wi th  a 
MOl o f  13.5.
Before these experiments were undertaken i t  was necessary to have 
high t i t r e  phage preparat ions.  Because e a r l i e r  experiments suggested 
th a t  the l y t i c  a c t i v i t y  present in ^C2(W) lysates may be due to an agent 
other than phage, p a r t i a l l y  p u r i f i e d  preparat ions, essen t ia l ly  f ree o f
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medium const i tuents ,  were required.  A l te rn a t i v e ly ,  a method which 
s e le c t iv e ly  removes l y t i c  agents other than phage could be used.
One method of  phage p u r i f i c a t io n  involves high speed cen t r i fug a t io n .  
Unfortunately a high speed cen tr i fuge  was not ava i lab le  at  th i s  time and 
a l te rn a t iv e  methods fo r  producing high t i t r e  phage preparations f ree o f  
possible contaminating l y t i c  a c t i v i t y  from substances present in broth 
lysates were investigated.
Prel iminary experiments establ ished tha t  high t i t r e  preparations 
o f  f}>C2(W) could be obtained which were apparently free o f  l y t i c  a c t i v i t y .
Preparations free of  l y t i c  a c t i v i t y  were produced using three methods
( i )  U l t r a f i l t r a t i o n  
( i i )  Negative chromatography wi th  a dye-1igand
( i i i ) Heat treatment.
The ^C2(W) preparation produced by each method was assayed fo r  l y t i c  
a c t i v i t y  using freeze-dried C2 c e l ls  suspended in 0.1 M K-phosphate b u f fe r ,  
as described on p24.
Deta i ls  of the production methods and resu l ts  are shown in Tables 
1.10, 1.11 and 1.12. Both crude and p a r t i a l l y  p u r i f ie d  broth lysates 
were used in these experiments. The material used to obtain the data 
shown in Tables 1.10 and 1.11 was a p a r t i a l l y  p u r i f ie d  broth lysate which 
contained both high leve ls  o f  phage and l y t i c  a c t i v i t y .
The resu l ts  c le a r ly  show tha t  high t i t r e  phage preparations did 
not e xh ib i t  l y t i c  a c t i v i t y  against C2 c e l l s  suspended in bu f fe r  although 
high m u l t i p l i c i t i e s  o f  in fe c t io n  were used.
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Table 1.12
Ina c t iva t ion  o f  <f>C2(W) l y s in  by heat treatment
Material Phage Lysin a c t i v i t y  Phage y ie ld(p fu /m l)  (u/ml) (%)
Broth lysate 4.1 x 10^^ . 120^^^
Lysate treated fo r  9 -5 ^ /•,
1 min at 57°C ^  ^
Lysate treated fo r  ^ n _ .n^0 ..{Z)
4 min at 57°C ^ ^
^Assayed using f reeze-dried C2 c e l l s  in 0.1 M K-phosphate b u f fe r ,  
pH 6.7 at 37°C.
(^^C2 c e l ls  infected w i th  a MOl o f  66.7.
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In add i t ion  i t  is also apparent tha t :
(1) <f)C2(W) is  markedly larger than the agent responsible fo r  l y t i c  
a c t i v i t y ;  l y t i c  a c t i v i t y  can be 'washed' out of  phage preparations during 
u l t r a f i l t r a t i o n  (Table 1.10).
(2 ) the chromatographic propert ies o f  the phage and the agent 
responsible f o r  l y t i c  a c t i v i t y  in phage lysates on the dye l igand Green 
A were d i f f e r e n t ;  the l y t i c  agent was bound but the phage was not bound 
(Table 1.11).
(3) the phage was considerably more heat stable than the l y t i c  
agent (Table 1.12).
These resu l ts  provide fu r th e r  evidence tha t  the l y t i c  agent present 
in 0C2(W) lysates is d i s t i n c t  from phage. I t  is  o f  in te re s t  to note 
tha t  exce l len t  p u r i f i c a t io n  o f  0C2(W) was obtained by u l t r a f i l t r a t i o n .  
S ig n i f ica n t  p u r i f i c a t io n  was also obtained by dye l igand chromatography.
The p u r i f i c a t io n  data presented in Table 1.11 are s l i g h t l y  misleading 
since the 2 ml sample appl ied to the Dyematrix column (gel volume only 
2 ml) was almost at the l i m i t  o f  the adsorption capacity  o f  the column.
When smaller sample volumes (0.5 ml) were appl ied, considerably higher 
p u r i f i c a t io n  f igu res  (approaching 100 - f o ld  p u r i f i c a t i o n )  were obtained.
Although Rei te r  and M01ler-Madsen (1963) c le a r l y  stated in t h e i r  
review tha t  calcium ions were not essent ia l fo r  the adsorption o f  phage 
to Group N streptococci and tha t  i r re v e rs ib le  adsorption occurred e f f i c i e n t l y  
in the presence o f  monovalent cat ions,  several authors o f  review a r t i c le s  
(Babel, 1962; Law and Sharpe, 1978) have reported tha t  calcium was required 
f o r  adsorption. Since one explanation fo r  the f a i l u r e  to demonstrate 
lys is - f rom -w i thou t  wi th  0C2(W) could have been the i n a b i l i t y  o f  t h i s  phage 
to adsorb to Stv. lactis C2 in phosphate b u f fe r ,  the e f fe c t  o f  suspension
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medium on phage adsorption (Table 1.13) was studied. I t  was found that  
adsorption occurred e f f i c i e n t l y  in e i th e r  0.1 M phosphate bu f fe r  or in 
PLGYG supplemented wi th  Ca^*. These resu l ts  c le a r ly  disprove the hypothesis 
tha t  the f a i l u r e  o f  4f2(W) to lyse Str. lactis C2 was due to the i n a b i l i t y  
of  ^C2(W) to ajgorb to i t s  host in phosphate bu f fe r .  In a fu r th e r  attempt 
to obtain evidence concerning the l y t i c  a c t i v i t y  o f  lys in  free preparations 
of  ^C2(W) the e f f e c t  o f  in fe c t ing  v iab le  and h e a t -k i l le d  C2 c e l ls  suspended 
in calcium-supplemented PLGYG wi th  a phage:coccus r a t i o  o f  10,000:1 was 
studied and is  shown in Figure 1.7. Pr ior  to phage in fe c t io n  the untreated 
C2 c e l ls  were growing normally. Growth, however, ceased fo l low ing  in fec t ion  
The drop in op t ica l  density which occurred was due to the d i l u t i o n  of 
the 1.5 ml o f  c e l l s  in the cuvette w i th  0.45 ml of the p a r t i a l l y  p u r i f ie d  
phage preparation.  The preparation was obtained using the procedure shown 
in Table 1.10 and exhib ited l i t t l e  adsorption at 450 nm. A s im i la r  drop 
in 0.0. was obtained when d i s t i l l e d  water was used. Lysis o f  the in fec ted ,  
un-heated, c e l l s  did not occur u n t i l  about 15 min and was complete at
36.5 min. These resu l ts  approximately pa ra l le l  the data shown in the 
one-step-growth experiment (Figure 1 .3 ) ,  and show tha t  the in fe c t io n  of 
Stv. laotls C2 w i th  high t i t r e  preparations o f  4>C2(W) does not resu l t  
in l y s is  from wi thout.  This statement is supported by the f a i l u r e  of 
high concentrat ions of  <j>C2(W) to demonstrate l y t i c  a c t i v i t y  against heat- 
k i l l e d  c e l ls  o f  StT, laotls C2.
LYTIC ACTIVITY IN FILTRATES .OF BROKEN AND UNBROKEN CELLS OF
Str, laotls C2 INFECTED WITH ^C2(W)
Attempts were made to determine whether the l y t i c  a c t i v i t y  in 4>C2(W) 
lysates was phage induced. The l y t i c  a c t i v i t y  in C2 c e l ls  in fected with 
(j)C2(W) at 30°C and broken by sonicat ion at 5°C is  shown in Figure 1.8.
Ly t ic  a c t i v i t y  was detected in broken infected c e l l s  a f t e r  10 min, th is
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Table 1.13
E f fec t  of  medium on the adsorption of ^C2(W) by Stv. lactis C2
Medium % Adsorption
PLGYG 99.0
0.1 M potassium phosphate 98.9
Figure 1.7 E f fec t  o f  in fe c t in g  v iab le  and h e a t -k i l le d  c e l ls  o f  Stv, laotis 
C2 w i th  0C2(W) using a phage:coccus ra t i o  o f  10,000
PLGYG broth was inoculated with log phase c e l l s  o f  Str, laotis C2 to give the 
O.D. shown and was supplemented with 10 mM Ca**. A f te r  10 min incubation at 
30°C, a p a r t i a l l y  p u r i f i e d  ^C2(W) preparation was added to give a phage to 
coccus ra t io  o f  10,000:1. Cultures were incubated at 30°C.
- 0 - , v iab le  ce l ls
- O -  Î c e l ls  o f  C2 which had been k i l l e d  by heating to 70°C fo r  20 min
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Figure 1.8 Lysin production by ce l ls  o f  Str, lactis C2 
infected wi th  ^C2 (W)
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is about halfway through the la te n t  period and increased exponent ia l ly  
the rea f te r  reaching a maximum concentrat ion, in th is  experiment, o f  about 
90 u/ml at 35 min. In repeat experiments in which m u l t i p l i c i t i e s  o f  in fe c t io n  
of  1, 10 and 40 were used no s ig n i f i c a n t  dif ferences in the general pattern 
o f  lys in  production depicted in Figure 1.8 were found. The concentrat ion 
o f  lys in  found in each experiment var ied,  however. Lysin a c t i v i t y  was 
not found in the supernatant of unbroken infected ce l ls  u n t i l  the end 
o f  the la te n t  period. The concentrat ion increased the rea f te r  reaching 
a high concentrat ion at  the r i s e  period.  Ly t ic  a c t i v i t y  was found only 
in C2 c e l ls  in fected w i th  K2(W). These resu l ts  show c le a r ly  tha t  the 
l y t i c  a c t i v i t y  present in lysates o f  C2 is induced by th is  phage. Because 
o f  the co r re la t io n  between the time required to detect l y t i c  a c t i v i t y  
in unbroken phage-infected c e l l s  and the la te n t  period the data ind ica te  
tha t  l y t i c  a c t i v i t y  is  released at the time of  c e l l u la r  l y s i s .  This 
statement is  supported by the demonstration o f  l y t i c  a c t i v i t y  in broken 
(j)C2(W)-infected C2 c e l l s  p r io r  to  the la ten t  period.
Str. laotis C2 is  also host to  'i‘712. When 4V12 lysates o f  C2 were 
tested fo r  l y t i c  a c t i v i t y  against washed log phase c e l ls  o f  C2 and CIO 
no a c t i v i t y  was detected (Table 1.14). The a c t i v i t y  o f  4>71Z lysates against 
f reeze-dried c e l l s  o f  C2, SCI, U.G. 1249 and E8 was also determined. No 
l y t i c  a c t i v i t y  was found against C2 or SCI but very s l i g h t  a c t i v i t y  was 
found when 1249 and E8 were used. This observation provides fu r th e r  evidence 
tha t  the l y t i c  a c t i v i t y  present in fC2(W) lysates o f  Str. laotis C2 is  
induced by fC2(W).
I t  has been suggested (R e i te r ,  1973) that  phages fo r  the l a c t i c  
streptococci in fe c t  host bacteria a f t e r  f i r s t  breaking down the ce l l  wal l  
wi th  phage t a i l  l y s in  to permit DNA in t roduc t ion .  Since the previous 
resu l ts  c le a r l y  suggested tha t  <j>C2(W) pa r t ic les  did not possess l y t i c
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Table 1.14
B a c te r io ly t i c  a c t i v i t y  o f  4V12 lysate o f  str. lactis C2 
against various Group N streptococci
Stra in Lysin a c t i v i t y  (u/ml)^^^
(T^F.D. C2 <1
F.D. E8 2.6
F.D. 1249 4
F.D. SCI <1
C2 <1
CIO <1
F.D. Freeze-dried log phase c e l l s .
(^^Cells were suspended in 0.1  M K-phosphate bu f fe r ,  pH 6.7 at  37°C 
as described above in Methods.
(2) 9 ^ ^Lysate contained 6.5 x 10 pfu/ml o f  t712 when assayed using 
Str. lactis C2.
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a c t i v i t y  attempts were made to l i b e ra te  l y t i c  a c t i v i t y  from high t i t r e  
l y s in - f r e e  preparations of  tC2{W).
Oram and Rei ter (1965) found sonication to be p a r t i c u la r l y  e f fe c t i v e  
fo r  l ib e ra t in g  l y t i c  a c t i v i t y  from high t i t r e  preparations of  fML3. These 
workers claimed to demonstrate the release of  l y t i c  a c t i v i t y  by sonication 
from preparations of  tML3 conta in ing 3.6 x 10^^ pfu/ml. Using sonication 
condit ions s im i la r  to those described by the previous workers and 4>C2(W) 
preparations ranging in t i t r e  from 5 x 10^^ - 1 x 10^^ pfu/ml the author 
could not demonstrate release o f  l y t i c  a c t i v i t y .  Sonication, however, 
markedly increased the v iscos i ty  o f  the phage preparation, presumably 
due to the release o f  phage DNA. Since phage lys ins are h igh ly  basic 
proteins and DNA is  h igh ly  ac id ic  i t  i s ,n o t  surpr is ing tha t  Tsugita (1971) 
reported tha t  some phage lys ins  may be inactivated by in te ra c t io n  wi th  
DNA. I t  was considered u n l ik e ly  tha t  a lysfn-phage DNA in te rac t io n  was 
responsible f o r  the f a i l u r e  to demonstrate ly s in  release from tC2(W) 
pa r t ic les  since preparations o f  p u r i f i e d  and unpur i f ied l y s in  could be 
sonicated without  s i g n i f i c a n t l y  a f fe c t in g  lys in  a c t i v i t y .  Nevertheless 
fu r the r  experiments were undertaken in which sonication was performed 
in media contain ing added DAE c e l lu lo s e ,  an agent which binds DNA and 
other negat ive ly charged species.
Prel iminary experiments establ ished that  ne i ther phage nor l y s in  
bound to DAE ce l lu lose  adjusted to pH values in the range 6 .7-8.0  and 
equ i l ib ra ted  wi th  0.01 M K-phosphate bu f fe r .  Sonication o f  high t i t r e  
phage preparations in the presence o f  DAE ce l lu lose adjusted to pH 6.7 
also fa i le d  to demonstrate the release of  l y t i c  a c t i v i t y  from ^C2(W) 
p a r t ic le s .
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INHIBITORY MECHANISM INVOLVED IN THE INHIBITION OF PAIRED-STRAIN 
CULTURES BY 4>C2(W)
In th is  section an attempt is  made to elucidate the mechanism involved 
in the in h ib i t io n  of  acid production previously  reported (pV^O when paired- 
s t ra in  cu ltu res containing C2 were in fected with  tC2(W),
The previous experiments have establ ished tha t  ce l ls  of C2 in fec ted 
wi th  tC2(W) produce a l y t i c  agent, d i s t i n c t  from phage, which lyses s t ra ins  
o f  l a c t i c  streptococci regardless o f  whether they propagate ^C2(W). Based 
on these f ind ings the fo l low ing  hypothesis is  offered as an explanation 
f o r  the nascent e f fec ts  experienced wi th  ^C2(W). When a cu l tu re  conta in ing 
C2 and a s t ra in  which does not propagate 0C2(W) is  infected w i th  cj)C2(W), 
the infected c e l l s  of  C2 lyse, and release a phage-induced l y t i c  
enzyme, hereafter re ferred to as phage ly s in  or l y s in .  The lys in  lyses 
the phage-resistant s t ra in  and i t  is the lys is  of  th is  s t ra in  which is  
responsible fo r  the in h ib i t i o n  o f  acid production experienced when paired- 
s t ra in  cul tu res containing C2 are in fected w i th  4€2(W).
One method o f  tes t ing  th is  hypothesis would be to iso la te  a mutant 
o f  ^C2(W) which does not induce C2 to produce lys in .  I f  pa i red -s t ra in  
cu l tu res containing C2 were in fected w i th  th is  mutant phage and i n h ib i t i o n  
o f  acid production was not found, t h i s  would provide evidence fo r  the 
hypothesis.
Since phages which induce host-s t ra ins  to produce phage l y s in  can 
be id e n t i f i e d  by th e i r  a b i l i t y  to  produce haloes around plaques (Tsugita, 
1971) attempts were made to iso la te  a phage mutant which did not e x h ib i t  
haloes around plaques. Over a period o f  three years a large number of  
phage plates were ro u t in e ly  examined fo r  evidence o f  a 'ha lo less ' mutant 
but wi th  no success. Since a mutant o f  tC2(W) was not ava i lab le ,
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experiments were undertaken using 4712. This phage does not induce host 
s t ra ins  to produce s ig n i f ic a n t  leve ls  of phage lys in .
Some cha rac te r is t ics  o f  4712 are l i s te d  in Table 1.15. Unlike 
4C2(W), 4712 gives minute plaques on C2. The plaques are not surrounded 
by a halo. Both phages appear to have a s im i la r  host range. Unlike 4C2(W), 
4712 has an isometric head and a long t a i l  which terminates in a base 
p la te  (Plates 1.3a, 1.3b).
The e f f e c t  o f  in fe c t ing  the pa i red -s t ra in  cu l tu res studied prev iously
(p42) w i th  4712 is  shown in Table 1.16. Examination o f  the resu l ts  reveals
tha t  in fe c t io n  wi th  4712 did not markedly i n h ib i t  acid production by the
pa i red -s t ra in  cu l tu res .  The higher pH found in the in fected cul tu res
is consistent w i th  the destruct ion o f  the C2 component of  each combination
produced
and the resu l tan t  acid being ^  ' by a 1% inoculum o f  the remaining
s t ra in .
-The resu l ts  o f  the previous experiment can be in te rpre ted as providing 
evidence fo r  the hypothesis.
A second series o f  experiments Was designed to tes t  the hypothesis.
In these experiments s in g le -s t ra in  cu l tu res of  C2 and pa i red -s t ra in  cul tu res 
o f  C2 + CIO were grown in broth media and infected w i th  4C2(W) or 4712.
I t  was envisaged tha t  i f  a l y t i c  agent was involved in the nascent react ion ,  
overt l y s is  o f  pa i red -s t ra in  cu l tu res should be apparent in broth media.
The e f f e c t  o f  in fec t ing  monocultures o f  C2 and cu l tu res  of 02 +
CIO on growth, ly s in  and phage production is shown in Figure 1.9. Mass 
ly s is  o f  the phage-infected C2 cu l tu re  had occurred by 2 h incubation.
High leve ls  o f  l ys in  and phage were found at th is  t ime. However, maximum 
ly s in  leve ls  were found a f te r  mass ly s is  had occurred. Mass ly s is  also
Halo production
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Table 1.15
Some propert ies o f  4712
Host range 
Plaque size
Str, laotis s t ra ins  C2, CIO and ML3
Minute
( 1)
Head type Isometric
Head length (nm) 40 X 4o(2) ; 45 x 45^3)
Tai l ,  length (nm)
Base p late  length (nm)
140^2); 15o(3)
21 ( 2 )
( 1 ) Strains ML8 , CIO, SCI, E8 , C6 , SK l l ,  AM2, US3, P2 and DRC2 did not 
propagate 4712.
(0\
Determined by the author. 4712 propagated on C2. Results are means 
of  f i v e  determinations. Because the qu a l i ty  of  e lectron micrographs 
. was very poor, i t  was d i f f i c u l t  to estimate dimensions prec ise ly .
(3) Determined by Davies at NIRD. 4712 propagated on 712.
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Plate 1.3 Par t ic le  morphology o f  4712
(a) 4712 propagated on str. lactis C2 and stained negative ly with
phosphotungstic acid. Unpurif ied lysate , x 175,000
(b) 4712 propagated on Str. lactis 712 and stained negatively with
uranyl acetate. Pur i f ied  using cesium ch lo r ide ,  x 300,000
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Table 1.16
E f fec t  o f  in fe c t in g  paired phage-unrelated s in g le -s t ra in
s ta r te rs  w i th  4712
pH a f t e r  6 h o
Culture pfu/ml at  6 h (x 10 )
-phage +phage
C2 + CIO 4.7 4.8 100
C2 + SKll 4.8 5.25 64
C2 + E8 4.7 5.2 113
C2 + US3 4.8 5.1 80
C2 + C6 4.91 5.24 200
C2 + AM2 4.7 5.08 108
C2 + ML8 4.79 5.02 75
C2 + SCI 4.84 5.63 115
C2 4.82 6 .21 105
Paired phage-unrelated cu l tu res  each contain ing s im i la r  ce l l  numbers 
were inoculated in to  RMS (10% T.S.) a t  the 2% (v /v)  level and in fected 
w i th  1.4 X 10^ pfu/ml o f  4C2(W).
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Figure 1.9 Ef fec t  o f  in fe c t in g  s ing le -s t ra in  cu ltures of  
Stv. laotis C2 and pa i re d -s t ra in  cu l tu res containing C2 and CIO 
wi th 0C2(W) on growth, l y s in  and phage production
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occurred in the phage-infected pa i red -s t ra in  cu l tu re .  Although low levels  
of  l ys in  (2 u/ml) were detected in t h i s  cu l tu re  p r io r  to mass l y s i s  (1 
h),  i t  was general ly  d i f f i c u l t  to detect l y s in  in <i'C2{W)-infected cu l tu res 
o f  C2 + CIO p r io r  to mass l y s i s .  Lysin levels in the pa i red -s t ra in  cu l tu res 
were markedly lower than those in the in fected monoculture presumably 
due to the adsorption o f  l y s in  to CIO.
The e f fe c t  o f  in fe c t in g  monocultures of  C2 and cu l tu res o f  C2 +
CIO with  (J)712 is  shown in Figure 1.10. Mass lys is  of  C2 was apparent 
a f t e r  2.5 h incubation and coincided w i th  the maximum t i t r e  o f  f712. In 
contrast with the previous re s u l t s ,  the f712-in fected C2 + CIO cu l tu re  
did not show mass l y s i s .  The k ine t ics  o f  f712 re p l ica t ion  in t h is  cu l tu re  
were s im i la r  wi th  those in the monoculture and suggested tha t  the C2 
component o f  the pa i red -s t ra in  cu l tu re  had been destroyed by phage a f t e r  
2-2.5 h. This suggestion is  supported by the s ig n i f i c a n t l y  lower op t ica l  
density values found in the infected pa i red -s t ra in  cu l tu re  compared with 
the con tro l .  These lower values were apparent a f t e r  2 h incubation. The 
data presented in Figures 1.9 and 1.10 suggest tha t  the i n h ib i t i o n  of  
acid production experienced when cu l tu res of C2 + CIO were in fected wi th  
(j)C2(W) was due to the l y s is  o f  the component s t ra ins .  These resu l ts  also 
provide evidence fo r  the hypothesis.
Further experiments designed to te s t  the hypothesis tha t  a phage- 
induced lys in  was involved in the i n h ib i t i o n  of acid production found 
in the in fected pa i red -s t ra in  cu l tu res were undertaken using l y s in - r e s i s ta n t  
mutants of  C2. L y s in - res is ta n t  mutants were iso lated by p la t in g  high 
numbers of  C2 c e l ls  onto GMA agar (Limsowtin and Terzaghi, 1976) conta in ing 
p a r t i a l l y  p u r i f ie d  fC2(W) ly s in .  The propert ies of these and other l y s in -  
resi stant Group N st reptococci are discussed in Chapter 4. The mutants 
used were res is tan t  to  l y s in  and did not propagate ^C2(W) but reta ined
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Figure 1.10 Effect o f  in fec t ing  s ing le -s t ra in  cu l tu res o f  
Str. lactis C2 and pa i red -s t ra in  cultures containing 02 + CIO 
with  f712 on growth and phage production
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s e n s i t i v i t y  to  f712 and had s im i la r  rates of acid production in RSM at 
30°C to the parent s t ra in .  The e f fe c t  of  in fec t ing  pa i red -s t ra in  cul tu res 
containing C2 and the ly s in  and phage-resistant mutants is  shown in Table 
1.17. I t  is  apparent tha t  ne i ther cu l tu re  was markedly in h ib i te d .  The 
phage t i t r e s  at 6 h in  the infected cul tures were lower than those in 
the experiment shown in Table 1.3. The lower t i t r e s  were found in a l l  
experiments and are probably due to the adsorption o f  cj)C2(W) by the mutant 
s t ra ins .  Both mutants retained the capacity to bind ^C2(W).
The re su l ts  o f  the experiments presented in th is  section combined 
wi th  the demonstration o f  l y t i c  a c t i v i t y  present in c|)C2{W) lysates s trongly  
suggest tha t  i t  is  the b a c te r io ly t i c  agent produced by ^C2(W)-infected 
C2 c e l ls  which is  responsible fo r  the in h ib i t i o n  of  acid production in 
pa i red -s t ra in  cu l tu res in fected wi th  fC2(W).
EFFECT OF INFECTING MULTI-STRAIN CULTURES WITH 4>C2(W)
Mul t i p i  e -s t ra in  cu l tu res are used as s ta r te rs  in the manufacture 
o f  cheese and other fermented da iry  products. The ra t ion a le  f o r  t h e i r  
use has been described ( p l l ) .
The e f f e c t  o f  in fe c t in g  a m u l t i - s t ra in  cu l tu re  conta in ing C2, CIO 
and ML8 w i th  two d i f f e r e n t  concentrat ions o f  fC2(W) is shown in Figure 
1.11. Acid production was in h ib i te d  in both in fected cu l tu res and shows 
tha t  0C2(W) can i n h i b i t  acid production in m u l t i - s t r a in  cu l tu res .  In h ib i t io n  
of  acid production was observed a f te r  about 3 h incubation; at which 
time maximum ,phage leve ls  had been reached. However, acid production 
continued at a reduced rate and coagulat ion was evident in both in fected 
cul tu res when they were examined next morning ( fu r th e r  16 h incubat ion).
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Table 1.17
E f fec t  o f  in fe c t in g  pa i red -s t ra in  cultures contain ing Stv, lactis C2 
and a ly s in  and phage res is tan t  va r ian t  o f  C2 wi th  4>C2(W)
pH at 6 h /n\ _
Culture pfu/ml^  ^ a t  6 h (x 10 )
-phage +phage
02 4.92 6.28 NO
02 + 02 (LRMl) 4.83 5.09 1.2
02 + 02 (LRM2) 4.88 5.26 10
I n i t i a l  phage level  was 1.3 x 10^ pfu/ml
^^Not determined.
Figure 1.11 E f fec t  o f  in fe c t in g  a m u l t i - s t r a in  cu l tu re  containing 
Str. lactis s t ra ins  CIO, ML8 and 02 wi th  ^02(W)
RSM was inoculated w i th  a m u l t i - s t r a in  cu l tu re containing s im i la r  c e l l  
numbers o f  ML8 , 02 and CIO and incubated at 30°0.
- 0 -  , acid and phage production respect ive ly  in  cultures in fec ted
wi th  2 x 1 0 ^  pfu/ml o f  ^02(W)
- Q _  , acid and phage production respect ive ly  in  cu l tu res in fec ted
with  2 X lo'^ pfu/ml o f  f02(W)
» acid production in  cultures not infected w i th  0 0 2 (W)
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MINIMUM LEVEL OF Str, lactis C2 REQUIRED IN A MULTI-STRAIN
CULTURE FOR DEMONSTRATION OF NASCENT EFFECTS WITH fC2{W)
The resu l ts  o f  a ty p ica l  experiment (Table 1.18) ind ica te  tha t  
i n h ib i t i o n  of  the m u l t i - s t r a in  cu l tu re  occurred when the i n i t i a l  c e l l  
content o f  C2 was 5% or greater of the to ta l  ce l l  populat ion. I t  is  also 
apparent tha t  the level  of  i n h ib i t i o n  obtained appeared to be re la ted 
to the i n i t i a l  concentrat ion o f  C2 c e l l s  present. In repeat experiments 
i t  was establ ished tha t  the minimum concentrat ion o f  C2 found necessary 
f o r  i n h ib i t i o n  o f  acid production above was reproducible. However, 
s ig n i f i c a n t  va r ia t io n  in the level o f  i n h ib i t i o n  obtained was found.
MINIMUM LEVEL OF Str. lactis C2 REQUIRED IN A MULTIPLE-STRAIN
CULTURE TO ENABLE ENUMERATION OF 4T2(W) BY THE PLAQUE ASSAY
The previous experiment demonstrated tha t  the in fe c t ion  of  a m u l t i - 
s t ra in  cu l tu re ,  conta in ing only low levels of  C2, with #C2(W) can re s u l t  
in  marked i n h ib i t i o n  o f  acid production. Cheese fac to r ies  f requent ly  
perform phage detect ion tes ts  on whey from slow vats using as host a sample 
o f  phage-free s ta r te r .  I t  was considered desirable to obtain information 
on the level o f  C2 required in such a cu l tu re  to demonstrate the presence 
o f  phage using the plaque assay method. A s l i g h t  modif icat ion of  the 
method described on p 23 was used in  these experiments to increase the 
s e n s i t i v i t y  o f  the method; phage adsorption was allowed to occur at room 
temperature and not in the agar at 46°C. The value of th is  modi f ica t ion  
has been described (Mullan, 1977; Mullan, 1979).
The e f fe c t  o f  t i t r a t i n g  a ^C2(W) preparation against a m u l t i - s t r a in  
cu l tu re  (C2 + CIO + ML8 ) conta in ing d i f f e r e n t  levels of C2 is  shown in 
Table 1.19. Plaque formation was apparent wi th cultures conta in ing 20% 
(v /v )  C2 although p la t ing  e f f i c ie n c y  decl ined wi th decreasing concentrat ion
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Table 1.18
Relat ionship between the 02 c e l l  content of  a m u l t i - s t r a in  cu l tu re  
and acid production as revealed by the pH attained a f t e r  5 h 
at  30°C in cul tu res affected and not infected wi th  fC2{W)
-Phage
% 02 in Culture: 1 5 10 20 50
pH at  5 h: 5.61 5.64 5.62 5.35 5.60
fPhage
% 02 in Culture: 1 5 10 20 50
pH at 5 h: 5.60 5.86 5.94 5.97 6.11
RSM was inoculated with m u l t i - s t r a in  cu l tu res containing Str. lactis s t ra ins  
02, ML8 and CIO which contained d i f f e r e n t  levels o f  02. The i n i t i a l  phage 
level in infected cu l tu res was 1.4 x 10^ pfu/ml. I n i t i a l  pH of  inoculated 
mi lk  was 6.5.
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( 1 )
Table 1.19
Effect of varying the Str. lactis C2 ce l l  content o f  a 
m u l t ip le -s t ra in  s ta r t e r ^ ! )  on the t i t r e  o f  <J>C2(W)
% C2 in Mixture pfu/ml
g (2 )
5 <1 X 10“
g ( 2 )
10 <1 X 10“
20 41 X 10®
33 44 X 10®
100 58 X 10®
M u l t ip le -s t ra in  s ta r te r  contained CIO and Ml8 in add i t ion  to C2
(^^Reduced growth ev ident;  see te x t  f o r  d e ta i ls .
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of host c e l l s .  No evidence o f  plaque formation was found in assay media 
inoculated wi th  cu l tu res  conta in ing 5 or 10% (v/v) of 02. However, reduced 
growth was present in the overlays p a r t i c u la r l y  in plates inoculated wi th  
high levels o f  4C2(W).
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DISCUSSION
The object ives of  th i s  study were to p a r t i a l l y  characterise a 
previously un-reported phage fo r  Str. laotis 02 and to attempt to e luc idate  
why paired or m u l t i - s t r a in  cu l tu res infected with th is  phage exhib i ted 
reduced acid production although the non-homologous s t ra ins  did not 
propagate the phage.
Since ^02(W) has not been described prev iously, p a r t ia l  charac te r isa t ion  
o f  the phage was undertaken to enable the d i f f e re n t ia t i o n  o f  th is  phage 
from other phages fo r  02 or the re la ted stra ins ML3 and 712. The la te n t  
period was unusually short f o r  a l a c t i c  streptococcal phage. Values ranging 
from 23-56 min at 30°0 have been reported (Keogh, 1973; Pearce and Lawrie,
1974). However, these values were obtained in RSM and d i f f e r e n t  resu l ts  
would probably have been found i f  the determinations were performed in 
another medium. The short la te n t  period combined with i t s  f a i r l y  large 
burst size explains the rapid m u l t ip l i c a t io n  o f  th is  phage found in milk 
and broth media.
Rela t ive ly  few accounts o f  halo production by l a c t i c  streptococcal 
phages ex is t  (Pette, 1953; Naylor and Czulak, 1956; T o u rv i l le  and Johnstone, 
1966; Douglas, Qanber-Agha and P h i l l i p s ,  1974; Terzaghi and Sandine,
1975). Halo production is  in d ic a t iv e  of the production o f  e i th e r  capsule 
degrading enzymes (polysaccharide depolymerases) or c e l l  wal l  degrading 
enzymes (Tsugi ta , 1971). . A calcium requirement f o r  halo formation has 
not been previously described f o r  th is  group. The e f fec t  o f  calcium can 
be explained i f  ^C2(W) induces C2 to produce a ce l l  wal l  degrading enzyme.
Such enzymes have been shown to be act ivated by cations (Oram and Rei te r ,
1965; T o u rv i l le  and Tokuda, 1967).
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On the basis o f  re p l i c a t io n  response to temperature 4C2(W) gave 
a group 1 response as defined by Mullan et al. (1981b) and was s im i la r  
in th is  respect to  the 02 phage studied by these workers. Contrary to 
the f ind ings o f  Archibald et al. (1978) the growth rate of  02 was not 
the major cons t ra in t  on the rate o f  re p l ica t ion  of  402(W); 402(W) rep l ica tes
fas te r  at 38°0 and 40°0 than at 30°0 whereas the 02 host had a fa s te r  
growth rate at 38°0 than at  30° or 40°0.
Morphological ly K2(W) may be c las s i f ie d  w i th in  Bradley's group 
B (Bradley, 1967) and is  s im i la r  in appearance to another 02 phage described 
by Keogh and Shimmin (1974). Their  phage, however, d i f fe re d  s l i g h t l y  
in dimensions and possessed a c o l l a r .  The <J>ML3 phage studied by Oram 
and Reiter (1965) is  also s im i la r  morphological ly to 402(W) (see Table 
1.20) but d i f f e r s  s l i g h t l y  in dimensions. The f02(W) v i rus also d i f f e r s  
from 0ML3 in other respects; #ML3 demonstrates lys is - f ro m -w i th ou t  whereas 
(j)02(W) does not and the l y t i c  enzyme induced by tf»C2(W) d i f f e r s  in several 
cha rac te r is t ics  from ^ML3 l y s in  (see Chapter 2).
Preparations o f  l a c t i c  streptococcal phages are general ly  concentrated 
and p a r t i a l l y  p u r i f i e d  by high speed cen tr i fuga t ion  using densi ty  gradients. 
Lawrence et al. (1976) have commented tha t  electron micrographs o f  these 
viruses have shown many broken or empty headed pa r t ic les  which may be 
ind ica t ive  o f  inadequate sample preparation. Davies (Dr. L. Davies, National 
In s t i t u te  f o r  Research in Dairy ing, pers. comm.) has found th a t  the above 
procedure f requent ly  resu l ts  in large clumps of phage which creat d i f f i c u l t i e s  
in quan t i ta t ive  studies o f  phage morphology. The electron micrographs 
of  f02(W) obtained in t h i s  study did not show s ig n i f i c a n t  clumps o f  phage 
and revealed th a t  the vast m a jo r i ty  of  phage had in ta c t  heads which also 
contained DNA. The use o f  u l t r a f i l t r a t i o n  to concentrate and p u r i f y  l a c t i c  
streptococcal bacteriophages, possibly combined with negative chromatography
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on the dye l igand Green A, may be of  value in the study o f  phage 
morphology.
Lysates o f  ^C2(W) were shown to contain a l y t i c  agent which lysed 
both homologous and non-homologous s t ra ins .  The l y t i c  agent was c le a r l y  
d i f fe re n t ia te d  from p a r t i c u la te  phage on the basis o f  heat s e n s i t i v i t y ,  
chromatography on the dye l igand Green A, s o lu b i l i t y  in acetone, and p a r t i c le  
weight. The pH and heat s e n s i t i v i t y  o f  the l y t i c  agent are consis tent 
wi th the agent being an enzyme. The f ind ing  tha t  the rate o f  ce l l  l y s is  
was d i r e c t l y  proport iona l  to the concentrat ion of  l y t i c  agent also suggested 
tha t  l y s is  was due to a c e l l  wal l  degrading enzyme.
The production o f  l y s in  by str. laotis C2 was shown to be phage 
induced. Lysin was not detected in un-infected c e l ls  o f  C2 or in c e l ls  
infected w i th  4712. The ava i lab le  data suggests tha t  l ys in  production 
represents new enzyme formation and tha t  the information fo r  l y s in  production 
is  contained in the 4C2(W) genome. From the k ine t ics  o f  l y s in  production 
i t  seems probable tha t  l y s in  is  involved in the release o f  4C2(W) from 
i nfected cel Is .
Evidence tha t  4C2(W) l y s in  was involved in the entry  o f  v i r a l  DNA 
in to  host c e l l s  was not found. The fa i l u r e  to l i b e ra te  l y t i c  a c t i v i t y  
from high t i t r e  preparations o f  ,4C2(W) coupled wi th the i n a b i l i t y  o f  th is  
phage to cause lys is - f ro m -w i thou t  suggests that  th is  v i rus does not possess 
a l y t i c  enzyme associated w i th  s t ruc tu ra l  components. Addit ional evidence 
tha t  lys in  is  not involved in  DNA in troduct ion can be in fe r red  from the 
di f ference in heat s t a b i l i t y  between phage and l y s in .  I f  ly s in  were involved 
a d ras t ic  drop in the i n f e c t i v i t y  ( t i t r e )  of  4C2(W) p a r t i c le s  would be 
expected a f t e r  1 or 5 min at 57°C (see Table 1.12). Since both these 
treatments e l im inate l y t i c  a c t i v i t y  but not phage i t  is  u n l i k e ly  tha t
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4C2(W)-induced ly s in  is involved in in fec t ion  of C2 by 4C2(W). Perhaps 
the involvement o f  l y s in  in phage release is the explanation f o r  the f a i l u r e  
o f  the author to iso la te  'ha lo less '  mutants o f  4C2(W); such mutants may 
be unable to form plaques because in s u f f i c ie n t  lys in  is produced to al low 
the e x i t  o f  progeny phages required fo r  the i n i t i a t i o n  o f  the cycles o f  
in fec t ion  and m u l t ip l i c a t io n  required fo r  plaque formation. The frequency 
at which such mutations occur may also be too low to permit the easy iso la t io n  
of  a l y s in - d e f i c ie n t  mutant.
The 4C2(W)-C2 system is  not unique in the sense th a t  the phage 
induces the host to produce a l y t i c  enzyme although the phage i t s e l f  does 
not possess a l y t i c  enzyme. Ralston et al. (1961) studied v i r o l y s in  
production by phage-infected staphylococci but reported no evidence fo r  
a l y t i c  enzyme associated with  phage pa r t ic les .  S im i la r l y ,  Goepfert and 
Naylor (1967) f a i l e d  to demonstrate l y t i c  a c t i v i t y  w i th  a phage f o r  
Micrococcus lysodeikticus although th is  virus also induced the production 
of  a l y t i c  enzyme by i t s  host. I t  has been suggested by Emrich and 
S t re is ingér  (1968) tha t  the l y t i c  enzyme associated wi th  some phage pa r t i c le s  
is  not an in teg ra l  s t ru c tu ra l  component but is  n o n -sp e c i f ica l ly  ajisorbed 
to various phage components (DNA or pro te in ) .  I f  t h is  is  so then medium 
composition, p a r t i c u la r l y  the ion ic  composition, and the b a s ic i t y  o f  the 
ly s in  may be fac tors  which in f luence whether or not l y s in  is  associated 
with phage p a r t i c le s  and may explain why certa in phages apparently have 
a l y t i c  enzyme.
Although several authors (Reiter and Oram, 1965; Re i te r ,  1973;
Marshall and Berridge, 1976; Law and Sharpe, 1978) have re ferred to the 
ro le  of phage t a i l  ly s in  in the digestion of the c e l l  wal l  in l a c t i c  
s t reptococc i ,  to  permit DNA in t roduc t ion ,  d e f i n i t i v e  proof o f  l y s in  
involvement in t h is  process has yet to be demonstrated. Emrich and
87
Stre is inger  (1968) questioned the ro le  o f  T2 phage lysozyme in penetrat ion 
since a lysozyme-defic ient  mutant o f  T2 was as in fe c t i v e  as the w i ld  type 
phage.
How then does 4C2(W) in fe c t  C2? Unlike phage f o r  many other bac ter ia l  
groups, some la c t i c  streptococcal phages have receptor s i te s ,  not on the 
ce l l  w a l l ,  but on the plasma membrane (Oram and Re i te r ,  1968; Oram, 1971),
I f  holes ex is t  in the c e l l  wal l  o f  C2, which are f i l l e d  wi th  protrusions 
of  the plasma membrane, as was found fo r  a str. laotis s t ra in  by Hurst 
and Stubbs (1969) then d i r e c t  phage membrane contact could take place.
The holes found by the previous workers are s u f f i c i e n t l y  large (20 nm), 
i f  they e x is t ,  to permit entry  o f  the t a i l  o f  fC2(W) and al low contact 
w ith the plasma membrane. Tentat ive evidence f o r  close associat ion o f  
membrane and wal l  in str. lactis may be in ferred from the d i f f i c u l t y  
experienced by various workers in obtain ing ce l l  wal ls  free o f  l i p i d  
contamination (White and Hurst, 1968; Oram, 1971). However, Lawrence 
et al. (1976) have questioned the in te rp re ta t io n  o f  the 'ho les '  in the 
electron-micrographs publ ished by Hurst and Stubbs (1969) and the p o s s ib i l i t y  
therefore ex is ts  tha t  they are a r t i f a c t s .  Obviously f u r th e r  work is  required 
to elucidate the mechanism(s) involved in the in fe c t io n  o f  Group N 
streptococci by phage.
Comparison of  4C2(W) wi th  other phages which also induce l y s in  
production is  d i f f i c u l t  because of  lack o f  published data. In add i t ion  
the data ava i lab le  must be in terpreted wi th  caution because they may have 
been obtained by a worker other than the researcher who performed the 
studies on ly s in  production. Also, the experiments may have been under­
taken many years fu r th e r  on from the lys in  studies wi th  the r is k s  o f  the 
occurrence o f  phage mutation, contamination of  v i rus preparations w i th  
other phages, and/or m is labe l l ing  of  phage preparat ions. Data ava i lab le
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fo r  4C10-1, 4C10-11 and 4ML3 and is  presented in Table 1.20. With the 
exception o f  morphology i t  is  d i f f i c u l t  to see any re la t ionsh ips  between 
the four lys in-produc ing phages. A l l  are o f  the prolate  polyhedral type 
but d i f f e r  w i th  respect to dimensions and the possession o f  base p la tes.
In marked con tras t  both 4C10-111 and <l>712 have a completely d i f f e re n t  
morphology. This study has revealed tha t  4712 has an isometric head.
This f in d in g  has been confirmed by Davies (pers. comm.). 4C10-111 also 
has an isometr ic  head (Keogh and Shimmin, 1974).
I t  may be s ig n i f i c a n t  tha t  a l l  four lys in-producing phages are o f  
the pro la te  type. Prolate type phages have been found to occur at low 
frequency in  whey in New Zealand. In a survey over the period 1974-1977, 
89% of  the phages studied were isometr ic , the remaining 11% were o f  pro late 
morphology (Lawrence et al., 1978). I t  would be in te re s t in g  to survey 
phages o f  d i f f e r e n t  morphological groups fo r  lys in  production to determine 
i f  re la t ionsh ips  e x is t  between morphology group and lys in  production.
I f  i t  can be demonstrated tha t  only pro late phages produce s ig n i f i c a n t  
concentrat ions o f  l y s in ,  the lower incidence o f  th is  morphological group 
cannot be used as evidence fo r  complacency since prolate  phages have 
a much wider host range tha t  isometric phages (Lawrence et al., 1978).
The nascent e f fec ts  o f  4C2(W) were demonstrated against paired and 
m u l t i - s t r a in  cu l tu res  conta in ing C2. Evidence was presented th a t  the 
i n h ib i t i o n  o f  acid production experienced when cu l tu res conta in ing C2 
and a non-homologous s t ra in  were infected with 4C2(W) was due to the ly s is  
of the non-homologous s t ra in  by ly s in  produced by phage-infected c e l l s  
of C2. These re su l ts  confi rm the f ind ings of  Naylor and Czulak (1956) 
that phage-induced lys ins  can give r ise  to the nascent phage phenomenon.
The involvement o f  lys ins  in the nascent phenomena has also been suggested 
by Rei ter and Oram (1963), Oram and Reiter (1965), T o u rv i l le  and Johnstone
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(1966) and Reite r (1973). No evidence fo r  a d i re c t  ro le  fo r  phage as 
suggested by Col l ins (1952a), Whitehead et al. (1952) and Whitehead et 
al. (1953) was found.
Two cu l tu res AM2 + 02 and US3 + C2 did not demonstrate nascent e f fec ts  
when in fected w i th  4C2(W). Detai led study o f  the component s t ra ins  wi th  
p u r i f ie d  lys in  revealed that  US3 and AM2 were r e la t i v e l y  re s is ta n t  to 
phage l y s in  (Chapter 2). This f ind ing  lends addi t iona l  support to  the 
involvement o f  l y s in  in the nascent phenomenon.
Although Pette (1953) showed tha t  phage lys ins  had a broader l y t i c  
spectrum than phage, an observation which has been confirmed by Naylor 
and Czulak (1956), Oram and Rei ter (1965) and T o u rv i l le  and Tokuda (1967) 
lys in-producing phages and the e f fec ts  o f  in fe c t in g  paired and m u l t i ­
s t ra in  cu l tu res w i th  such phages appear to  have received l i t t l e ,  i f  any, 
a t ten t io n .  The resu l ts  of  the present study show tha t  in fe c t io n  o f  paired 
and m u l t i - s t r a in  cu l tu res with a lys in-producing phage can re s u l t  in 
s ig n i f i c a n t  i n h ib i t i o n  of acid production.
For about 40 years, cu l tu res containing two or more phage-unrelated 
s tra ins  have been used as part  o f  phage control  schemes in da i ry  fermentat ion 
plants . The ra t iona le  f o r  t h e i r  use depends on the a b i l i t y  o f  phage- 
re s is tan t  s t ra ins  to continue to produce acid when one or more s tra ins  
are in fected with  homologous phage. I t  i s  apparent from the l i t e r a t u r e  
(Pearce et al., 1970; Christensen, 1972; Lawrence et al., 1976; Lawrence 
et al., 1978; Muskowitz et al., 1979; Walker et al., 1981) tha t  th is  
method o f  phage contro l  has not been completely successful.  The resu l ts  
o f  th is  study have c le a r ly  shown a major def ic iency in the use o f  paired 
or m u l t i - s t r a in  cu l tu res in phage control schemes and provide one 
explanation fo r  the lack of success of  such s ta r te rs  in e l im ina t ing  the
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problem o f  phage-induced slow acid production in cheese fa c to r ie s ;  i f  
one o f  the component s t ra ins  is  attacked by a lys in-producing phage and 
the other phage-unrelated s t ra in  or s t ra ins  is /a re  sens i t ive  to  l y s in ,  
i t  is  probable tha t  acid production w i l l  be inh ib i ted  because the lys in  
produced by the phage-infected s t ra in  w i l l  destroy the phage re s is ta n t  
s t ra i  ns.
Because nascent type e f fec ts  can occur when the propagating host 
f o r  the l y s in  producing phage const i tu tes  only a small proport ion o f  the 
i n i t i a l  s t a r t e r  populat ion i t  is  tempting to speculate th a t  there are 
inc idents  o f  slow acid production in cheese fac to r ies  due to the nascent 
phage phenomenon which have not been a t t r ib u te d  to phage. The resu l ts  
of  th is  study have shown that  nascent e f fec ts  can be demonstrated with 
as l i t t l e  as 5% host in a m u l t ip le -s t r a in  cu l tu re  whereas phage detection 
using the double agar assay method required the presence of about 20% 
host f o r  the l y s in  producing phage. That nascent e f fec ts  can occur when 
the host comprises only a small proport ion of the i n i t i a l  c e l l  population 
was f i r s t  reported by Evans (1934) and is confirmed by the re su l ts  of 
t h is  study.
The fC2(W)-C2 system may be unusual in tha t  plaques were demonstrated 
using only 2 0% (v /v )  o f  host in the inoculum fo r  the double agar assay 
method. In many other l a c t i c  streptococcal phage-host systems a 
requirement o f  at leas t  33% homologous host has been demonstrated (Mullan, 
unpublished in fo rmat ion ;  Dr. G. Stanley, Uni gate Central Laboratory, 
pers. comm.).
I f  i t  can be shown tha t  4C2(W) and other ly s in  producing phages 
are not a typ ica l  ( i . e .  super lys in  producers) and co ns t i tu te  a s ig n i f i c a n t  
part  o f  the phage f l o r a  o f  dairy  fermentat ion p lants , then the s u s c e p t ib i l i t y  
o f  s t ra ins  to phages which d i re c t  the host-synthesis of high concentrat ions
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o f ly s in  and the s e n s i t iv i t y  of s tra ins  to ly s in  may be two add it iona l 
c r i t e r ia  which requ ire  consideration in  the se lection o f la c t i c  streptococci 
fo r  inc lus ion  in s ta r te r  cu ltu res .
The p re lim ina ry  report o f  Jarv is  (1980) is  in te re s t in g  since i t  
states th a t 30 out o f 52 phage lysates tested produced a l y t i c  e f fe c t  
(due to ly s in )  on a t least one out o f  39 s tra ins  and th a t  29 out o f 39 
s tra ins  o f la c t ic  streptococci were sens it ive  to a t leas t one phage ly s in  
and suggests tha t lys in-producing phages are a normal pa rt o f the phage 
f lo r a  o f cheese fa c to r ie s .
The advantages o f s t ra in  se lection are apparent from the data obtained 
fo r  in fec ted  cu ltu res  o f C2 + AM2 and C2 + US3 which exh ib ited  l i t t l e  
in h ib i t io n  o f  acid production when in fected w ith  4C2(W). Detailed studies 
w ith  AM2 and US3 and p u r i f ie d  phage ly s in  (see Chapter 2) revealed tha t 
these s tra in s  were r e la t iv e ly  inse ns it ive  to ly s in .  Obviously s tra ins  
re s is ta n t  or r e la t iv e ly  re s is ta n t to ly s in  e x is t  or can be obtained by 
mutation which shows th a t  the compilation o f cu ltu res  conta in ing s tra ins  
in s e n s it iv e  to phage ly s in  is  feas ib le  and could provide a method fo r  
preventing in h ib i t io n  o f  acid production by lys in -p roducing phages.
Lysin production by phage-infected la c t ic  streptococc i may not be 
detrimental in  a l l  instances. That phage-carrying (the pseudo-lysogenic 
cond it ion ) la c t ic  streptococci are more phage-resistant than non-phage 
carry ing  s tra ins  has been established (Hunter, 1947; Limsowtin and Terzaghi, 
1977). Barksdale and Arden (1974) recognised three mechanisms o f phage- 
host in te ra c t io n  whereby the c a r r ie r  s ta te  could a r ise .  In one mechanism, 
phage-infected c e l ls  produce enough phage ly s in  to destroy the phage 
receptor s i te s  and a r t i f i c i a l l y  render most o f the population phage 
re s is ta n t .  However, the mechanisms whereby the c a r r ie r  s ta te  is  achieved 
in the la c t ic  streptococci have not ye t been e luc idated. Since the phage
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resistance enjoyed by mixed-stra in s ta r te rs  has been a t t r ib u te d ,  a t least 
in p a r t ,  to the existence o f the c a r r ie r  s ta te  w ith in  these cu ltu res  (Hunter, 
1947; Crawford and Galloway, 1962; Galesloot, Hassing and Stadhouders,
1966) phage lys in s  may have the po ten t ia l to have both detrimental and 
b e ne f ic ia l e f fe c ts  on s ta r te r  performance during cheese-making and other 
da iry  fermentations.
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SUMMARY
A phage fo r  Str. lactis C2 which induces nascent e f fe c ts  was studied 
and an attempt was made to e luc ida te  the mechanism responsible fo r  the 
nascent phenomenon.
Supplementation o f assay me&l^Ud^was not required fo r  format ion
but was necessary fo r  the demonstration o f  zones o f  secondary ly s is  (haloes) 
around plaques. 4C2(W) had an unusually short la te n t period about 21 
min, and lysed str, lactis s tra ins  C2, 712 and ML3. The phage had a pro la te  
head and a no n -con trac t i le  t a i l  and could be c la s s i f ie d  w ith in  Group B 
o f Bradley's morphological c la s s i f ic a t io n  scheme. Phage re p l ic a t io n  occurred 
a t 22°, 30°, 38° and 40°C and on the basis o f re p l ic a t io n  response to 
temperature could be c la s s i f ie d  w ith  Group 1 o f Mullan et al. (1981b).
In fe c t io n  o f  e igh t paired s t ra in  cu ltu res , each conta in ing Str. 
lactis C2 and a phage-unrelated s t ra in ,  w ith  4C2(W) resu lted  in marked 
in h ib i t io n  o f  acid production fo r  s ix  cu ltu res . Since adsorption o f  4C2(W) 
did not occur or occurred to only a low extent fo r  some o f the non- 
homologous component s tra ins  a d i re c t  involvement o f 4C2(W) in the in h ib i to ry  
process appeared u n l ik e ly .
Lysates o f  4C2(W) were shown to contain a l y t i c  agent which lysed 
phage re s is ta n t  as well as phage-sensitive la c t ic  s trep tococc i.  An assay 
method fo r  measuring l y t i c  a c t iv i t y  was developed using freeze-dried  c e l ls  
suspended in  0.1 M potassium phosphate b u f fe r ,  pH 6.7 and is  described
L y t ic  a c t i v i t y  in 4C2(W) lysates was c le a r ly  shown to be d is t in c t  
from th a t o f  p a r t ic u la te  phage. Phage leve ls  could be reduced by 99% 
by c e n tr i fu g a t io n  or by 95% by acetone p re c ip i ta t io n  w ithou t s ig n i f ic a n t ly  
a f fe c t in g  the leve l o f l y t i c  a c t i v i t y  in broth lysates. L y t ic  a c t iv i t y
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but not phage was destroyed by mild heat treatment and was lo s t  a f te r  
u l t r a f i l t r a t i o n  or chromatography on the dye ligand Green A.
Attempts to  demonstrate l y t i c  a c t iv i t y  due to l y t i c  enzymes associated 
w ith  the 4C2(W) p a r t ic le  were unsuccessful. In fec t ion  o f  C2 c e l ls  w ith  
a phage-coccus ra t io  o f 10,000:1 fa i le d  to give mass ly s is .  Attempts 
to y ie ld  a l y t i c  enzyme from concentrated preparations o f 4C2(W) by 
son ication were also unsuccessful and y ie lded fu r th e r  evidence th a t the 
l y t i c  agent present in 4C2(W) lysates was not phage.
I t  was shown tha t l y t i c  a c t i v i t y  was phage-induced. Ly t ic  a c t i v i t y  
was demonstrated in c e l ls  o f  C2 in fec ted w ith  4f2(W) 10 min a f te r  in fe c t io n ;  
about h a l f  way through the la te n t  period. The concentration o f l y t i c  
agent increased th e re a fte r  reaching high concentrations a t the r ise  period. 
Uninfected c e l ls  o f C2 did not contain l y t i c  a c t i v i t y .  In fec t ion  o f 02 
w ith  4712 did not re s u lt  in lysates o f  s ig n i f ic a n t  l y t i c  a c t iv i t y .
Experiments designed to inves tiga te  the mechanism involved in  the 
in h ib i t io n  o f acid production experienced when cu ltu res  contain ing 02 
were in fected w ith  402(W) yie lded evidence tha t the in h ib i t io n  was due 
to the ly s is  o f the non-homologous s tra in  by phage-induced ly s in .
In h ib i t io n  o f acid production was not observed when cu ltu res  were in fected 
w ith  4712. This phage does not induce ly s in  production. Nascent e ffec ts  
did not occur when cultu res contain ing 02 and ly s in  and phage re s is ta n t 
s tra in s  were in fec ted w ith  402(W). Lysis o f paired s t ra in  cu ltu res in fec ted  
w ith  402(W) was demonstrated using spectrophotometric methods. S im ila r 
experiments w ith  4712 did not give mass ly s is .
Nascent e ffec ts  were also demonstrated using m u lt i - s t ra in  cu ltu res  
and in  m u l t i - s t r a in  cu ltu res contain ing only 5% str. lactis 02. However, 
plaque formation by 402(W) required the presence o f  about 2 0% 02 in  cu ltu res
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The s ign if icance  o f these re su lts  to  s ta r te r  se lection fo r  cheese- 
making and possible contro l measures are discussed.
CHAPTER 2
ISOLATION, PARTIAL PURIFICATION AND 
CHARACTERISATION OF THE BACTERIOLYTIC AGENT 
PRODUCED BY THE 4C2(W)-C2 PHAGE-HOST SYSTEM
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INTRODUCTION
The presence o f phage-induced c e l l  wall or capsule d isso lv ing  ( l y t i c )  
enzymes in lysates o f phage-infected bacteria has been described fo r
Escherichia coti. Staphylococcus aureus, Azotohacter agilis, Aerobacter 
cloacae. Bacillus megaterium. Micrococcus lysodeikticus, Bacillus
stearothermophilus, Klebsiella pneumonia. Pseudomonas putida, Ps. aeruginosa 
and fo r  streptococcal phage-host systems ( fo r  a review see Tsugita , 1971). 
Lysis o f la c t ic  streptococci by phage lys ins  was f i r s t  reported by Pette 
(1953). Other reports  o f ly s in  production by la c t ic  streptococcal 
bacteriophages have been presented by Naylor and Czulak (1956), Reite r 
and Oram (1963), Oram and Reite r (1965), T o u rv i l le  and Johnstone (1966) 
and T o u rv i l le  and Tokuda (1967).
Pette (1953) estab lished th a t  phage lys ins  had a broader l y t i c  
range than phage. Naylor and Czulak (1956) confirmed th is  f in d in g  and 
also found th a t ly s in s  were more heat la b i le  than phage. Oram and Reiter 
(1965) and Reite r and Oram (1963) reported the p a r t ia l  p u r i f ic a t io n  o f  
a l y t i c  enzyme from phage (4ML3) lysates o f str, lactis ML3. Their method 
involved acetone p re c ip i ta t io n  (to  remove phage), ion exchange chromatography 
and s a l t  p re c ip i ta t io n .  The enzyme was p u r i f ie d  about 500-
fo ld  and contained about 7.5 x 10^ pfu /m l. Unlike some other phage 
associated lys in s  which only lysed damaged c e l ls  or v iab le  c e l ls  sens it ised 
by phage (e .g . Raison et al., 1957; Murphy, 1961) the 4ML3 enzyme lysed 
viab le  c e l ls  o f a l l  s t ra in s  o f la c t ic  streptococci tested. S tra in  dependent 
d ifferences in s e n s i t i v i t y  were noted, however. Maximum l y t i c  a c t i v i t y  
was found a t pH 6 . 6 - 6 .9. The enzyme was activated by monovalent cations 
and to a lesser ex ten t by d iv a le n t cations. From an examination o f  c e l l  
wall degradation products the authors concluded tha t the l y t i c  enzyme 
was a glycosidase w ith  a s p e c i f ic i t y  s im ila r  to hen egg lysozyme, i . e .
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4ML3 lys in  is  an N-acetylmuramidase, Most enzymes have a temperature 
c o e f f ic ie n t  (Q^^) o f  about 2 (Dixon and Webb, 1964) but the phage enzyme 
was unusual in th a t i t  had both a high Q^q, about 4.9, and a high a c t iv a t io n  
energy, about 28.0 kcal m ole"^. The ly s in  was in h ib ite d  by sulphydryl 
reagents, which suggested th a t  a sulphydryl group was essential fo r  a c t i v i t y .  
L y t ic  a c t iv i t y  was reported to  be phage-induced and was more h e a t- la b i le  
than phage.
T o u rv i l le  and Tokuda (1967) p u r i f ie d  a l y t i c  enzyme from a 4C10 
lysate o f str. lactis CIO. P u r i f ic a t io n  was achieved by a m u lt i-s te p  
procedure invo lv ing  u l t ra c e n tr i fu g a t io n  (to remove phage), s a l t  p r e c ip i ta t io n ,  
gel f i l t r a t i o n  and ion exchange chromatography. The l y t i c  enzyme was 
p u r i f ie d  about 1 ,700-fo ld  and contained about 10^ pfu/ml. The 4C10 enzyme 
was activated by monovalent and d iva le n t cations and had a high temperature 
c o e f f ic ie n t  (3.9) and a c t iv a t io n  energy. The enzyme was h igh ly  basic 
and had an is o e le c t r ic  p o in t in  excess o f 8 . 6 . The sedimentation ra te  
o f 4C10 lys in  was reported to  be about 7S based on sucrose grad ient studies 
using albumin, 75 and 195 an tibod ies . This f ig u re  is  compatible w ith  
a molecular weight fo r  the ly s in  in excess o f 200,000 dal tons. L y t ic  
a c t i v i t y  was in h ib i te d  by sulphydryl reagents and maximum l y t i c  a c t i v i t y  
was obtained at pH values between 6.0 and 6.5. The heat l a b i l i t y  o f  
the ly s in  was confirmed.
In th is  section attempts to p u r i fy  and characterise the l y t i c  agent 
present in 4C2(W) lysates are presented.
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MATERIALS AND METHODS 
ORIGINS OF CULTURES AND BACTERIOPHAGES
Cultures w ith  the p re f ix  NCDO before the s tra in  id e n t i f ic a t io n  
code were obtained from the National C o llec t ion  o f Dairying Organisms,
National In s t i tu te  fo r  Research in Da iry ing, Reading, England. Stra ins 
o f str. thermophitus, Str, cremoris s tra in s  SK ll, R6 and Micrococcus 
lysodeikticus were also obtained from th is  source, str. lactis s tra ins  
RMl , C2, CIO, ML3 and str. cremoris s tra ins  HP and E8 were obtained from 
the c u ltu re  c o l le c t io n  maintained a t th is  Department. Cultures o f E. 
coli, Lactobacillus bulgaricus and Lact. fermenti were also obtained 
from the Department's c o l le c t io n .  Str. lactis ML8 and str. cremoris 
s tra ins  US3 and AM2 were obtained from the cu ltu re  c o l le c t io n  o f Dr.
T. Cogan, A g r icu ltu ra l I n s t i t u te ,  Fermoy, County Cork, Ire land , str. 
diacetylactis DRC2 was obtained from Dr. B. Keogh, C .S .I.R .O ., Melbourne, 
A u s tra l ia ,  str. cremoris 1249 and Str. diacetylactis 1246 were obtained 
from Dr. G. Stanley, Uni gate Technical Centre, Trowbridge, England, str. 
cremoris SCI was k ind ly  supplied by Dr. W. E. Sandine, Oregon State U n ive rs ity ,  
U.S.A. The o r ig in  o f 4C2(W) has been prev iously  described (p X o ) *
CULTURE MAINTENANCE
Cultures o f  Group N streptococci were maintained as described 
prev ious ly  (p20). Group D streptococc i were maintained as fo r  the Group 
N streptococci except th a t s tra in s  were incubated at 37°C. The str. 
thermophilus, 1actobaci11 us and leuconstoc s tra ins  were grown in MRS 
broth (De Man, Rogosa and Sharpe, 1960). The Str. thermophilus and 
la c to b a c i11 us s tra ins  were propagated a t 37°C using a 1% inoculum and 
an incubation period o f 14-16 h. The leuconstocs were incubated using 
a temperature o f  30°C, an inoculum leve l o f 1% and an incubation time
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o f 16-24 h. Strains o f E. aoli were maintained on n u tr ie n t  agar (Oxoid) 
slopes. Slopes were inoculated w ith  loop fu ls  o f  an active E. ooli. s t ra in  
in  n u tr ie n t  broth and incubated a t  37°C fo r  24 h. Slopes were stored 
a t 5°C u n t i l  required. U. lysodeikticus was propagated in PLGYG broth 
using s im i la r  conditions to those fo r  Group N s trep tococc i. Between 
trans fe rs  a l l  cu ltu res were held a t 5°C. For longer term storage c u l tu re s ,  
w ith  the exception o f E, cold, were inoculated in to  the appropriate growth 
medium using a 3% (v /v ) inoculum and immediately frozen a t -30°C.
DETERMINATION OF PROTEIN AND SPECIFIC ACTIVITY OF *C2(W) LYSIN
Protein was measured using the Bio Rad assay described previously
(p29). Protein and ly s in  assays were used to monitor the p u r i f ic a t io n
o f phage ly s in  during ion-exchange chromatography, s a l t  p re c ip i ta t io n ,
u l t r a f i l t r a t i o n  and gel f i l t r a t i o n .  The values obtained were used to
ca lcu la te  the sp e c if ic  a c t i v i t y  o f  the ly s in  a t each stage o f  enzyme
p u r i f ic a t io n .  Specific  a c t i v i t y ,  which is  the ra t io  o f some measure
o f  enzyme concentration e.g. a c t iv i t y ,  to the to ta l  p rote in  concentra tion,
usua lly  in mg/ml, should increase during p u r i f ic a t io n .  The degree of
p u r i f ic a t io n  a t a p a r t ic u la r  stage may be obtained by d iv id in g  the sp e c if ic
a c t i v i t y  a t tha t po in t by the s p e c if ic  a c t i v i t y  o f the s ta r t in g  m a te r ia l.
The value o f sp e c if ic  a c t i v i t y  fo r  th is  purpose has been discussed by
Dixon and Webb (1964). In th is  study sp e c if ic  a c t i v i t y  
ly s in  a c t i v i t y  (u/ml) 
prote in concentration (pg/m l).
PRODUCTION OF BROTH LYSATES CONTAINING HIGH LEVELS OF LYTIC ACTIVITY
Preliminary experiments (Table 1 . 8 ) established th a t there was 
a re la t io n sh ip  between the phage and ly s in  leve ls  in a fC2(W) lysa te ; 
the higher the phage level the higher the concentration o f  phage ly s in .
The fo l lo w in g  procedure was used in  a l l  small scale experiments concerned
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w ith  ly s in  is o la t io n  and p u r i f ic a t io n  to  produce broth lysates conta in ing 
high leve ls  o f  l y t i c  a c t i v i t y .  Broth media were inoculated w ith  2% (v /v ) 
o f C2 and grown to an O.D.^^q o f  about 0.58-0.6 at 30°C. S u f f ic ie n t  1 M 
calcium ch lo r ide  was then added to  give an added concentration o f 10 
mM Ca^* and the cu ltu re  was in fec ted  w ith fC2(W) to give a phage : coccus 
ra t io  o f about 10. A f te r  incubation fo r  a fu r th e r  2i h a t 30°C lysates 
were obtained which contained 120-180 u/ml o f l y t i c  a c t i v i t y .  Unless 
stated otherwise PLGYG broth was used fo r  lys in  production. In some 
experiments other media, designated TYGG and TLBC were used. TYGG contained 
(g/&) tryptone (Oxoid), 5; yeast e x tra c t  (Oxoid), 2.5 ; glucose, 5 and 
3 -disodium glycerophosphate (Sigma - grade I I ) ,  7.2. TLBC contained 
(g /£) tryptone (Oxoid), 5; lab lemco (Oxoid), 5; glucose, 5; g lycero­
phosphate (Sigma - grade I I ) ,  7.2.
ION EXCHANGE CHROMATOGRAPHY
Phage-induced lys ins  are basic p ro te ins . In an ac id ic  environment 
the ion isable  amino groups o f such prote ins acquire protons and the molecule 
thus acquires p o s i t iv e ly  charged -NH^ groups. Under su itab le  conditions 
-NHg groups can be bound by ca tion  exchange resins and pro te in  is o la t io n  
and, u l t im a te ly ,  p u r i f ic a t io n  is  achieved. In p rac t ice , weak carboxy lic  
resins contain ing carboxy lic  acid exchange groups on a m ic ro - re t ic u la r  
a c ry l ic  polymer have found wide app lica t io n  in th is  f ie ld  o f enzyme 
p u r i f ic a t io n  because basic enzymes can be eluted under 'm i ld ' conditions 
(e .g . increasing pH and/or io n ic  strength o f eluant b u f fe r )  which avoid 
dénaturation. In th is  p ro je c t  weak carboxy lic  acid ion exchange resins 
were used to is o la te ,  concentrate and p a r t ia l l y  p u r i fy  fC2(W)-induced 
ly s in .
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Resins
Amberlite CG50 (100-200 mesh) was obtained from Sigma Chemicals,
Poole, Dorset, England. Bio Rex 70 (20-50 mesh) was obtained from Bio- 
Rad Laboratories. The l a t t e r  product was esse n t ia l ly  a h igh ly  p u r i f ie d  
version o f the former. The main d if fe rence  between the two resins was 
p a r t ic le  size.
Preliminary experiments w ith  CG50
In these experiments the l y t i c  agent present in  4>C2(W) lysates 
was iso la ted  using CG50 e s s e n t ia l ly  as described by Oram and Reiter 
(1965). An excess o f res in  was hydrated in an excess of d i s t i l l e d  water 
and fines removed by décantation. The pH o f the resin was adjusted to 
5.5 w ith  d i lu te  hydroch loric  acid and the s lu rry  poured in to  a 45 cm 
X 1.5 cm column, p a r t ia l l y  f i l l e d  w ith  d i s t i l l e d  water. The res in  was 
packed to a bed height o f  30 cm and eq u il ib ra te d  by passing fou r bed 
volumes of 60 + 40 mixture o f  0.002 M potassium phosphate (pH 5 .5 ).+  
acetone respective ly  through the column (Oram and R e ite r, 1965). Phage 
ly s a te s ,a f te r  p a r t ia l  removal o f fC2(W) by acetone p re c ip i ta t io n  (p26), 
were adjusted to  pH 5.8 and pumped through the column w ith  a Watson and 
Marlow variab le speed p e r is t a l t i c  pump (Watson-Marlow, Falmouth, Cornwall, 
England) type MHRE 200 to  give a flow  ra te o f 17 ml m in"^. The column 
was washed w ith about ten bed volumes o f 0.002 M phosphate b u f fe r  (pH
5.5) and e lu t io n  in i t i a t e d .  L y t ic  a c t i v i t y  was eluted w ith  0.2 M potassium 
phosphate b u ffe r  pH 7.3 and 10 ml f ra c t io n s  were co llec ted  using a Model 
1200 f ra c t io n  c o l le c to r .  Instrumentation S p ec ia l it ie s  Company, 4700 Superior, 
L inco ln , Nebraska 68504, U.S.A. (ISCO fra c t io n  c o l le c to r ) .  Experiments 
were performed at 5°C.
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LARGE SCALE ISOLATION AND PARTIAL PURIFICATION OF ^C2(W)-INDUCED 
LYSIN
Preparation o f ^C2(W) lysates
TYGG broth was used to  prepare fC2(W) lysates. The medium (108L) 
was inoculated w ith  3% (v /v )  o f a la te  s ta t iona ry  phase cu ltu re  o f  C2 
and incubated a t 30°C u n t i l  the O.D.^^q reached 0.6. S u f f ic ie n t  s t e r i le  
sodium hydroxide (20% w/v) was added to  br ing the pH to about 7 and the 
medium was supplemented w ith  10 mM Ca^*. S u f f ic ie n t  phage was then added 
to give a concentration o f  about 10^ p fu /m l. Incubation was continued 
fo r  a fu r th e r  2 h a t which time the O.D.^^q had dropped to  0.21. Chloroform 
(200  ml) was then added to  prevent fu r th e r  bac te r ia l growth and the lysate  
was d is t r ib u te d  in 45 £ lo ts  and held a t 5°C overnight. Next day (24 
h) the lysate was pumped (35 £ h~^) through a Westfa lia s e l f  desludging 
cen tr ifuge  model no, SAOOH to  remove unlysed c e l ls  and c e l lu la r  debris .
This process reduced the O.D.^^q from 0.21 to 0.11.
Resin preparation
Amberlite CG50 (100-200 wet mesh) was freed from f ine s  by decanting 
w ith  d i s t i l l e d  water (about 18 décantations) converted to the H+ form 
by treatment w ith d i lu te  phosphoric acid and adjusted to pH 6.2 w ith  
potassium hydroxide. The resin was then used to pack a 90 cm x. 50 cm 
column. The column was e q u i l ib ra te d  by pumping 12 £ o f 0.09 M potassium 
phosphate b u f fe r ,  pH 6.2 through a t a f low  rate o f 15 £ h " \  The bed 
height was adjusted to  44 cm and the void volume was about 1600 ml.
Iso la t io n  and concentration o f fC2(W) ly s in
The pH o f  the lysa te  was adjusted to  6.2 and^was pumped through 
the column at a f low  ra te  o f  10-15 £ h \  A fte r  the lysate had been
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applied, the column was washed thoroughly w ith 0.09 M potassium phosphate 
b u ffe r  pH 6.2 u n t i l  the eluate pH reached 6 .1-6.2 . At th is  time e lu t io n  
was in i t ia t e d  w ith  0.2 M potassium^buffer pH 7.3. The f i r s t  2 £ were 
discarded and 200 ml f ra c t io n s  co l le c te d  using a Pharmacia preparative 
f ra c t io n  c o l le c to r  PF-30 (Pharmacia (Great B r i ta in )  L td . ,  Prince Regent 
Road, Hounslow, Middlesex). L i t t l e  enzyme was found in the f i r s t  6.5 
£ e f f lu e n t  but was present in the fo l lo w in g  10 £. Fractions conta in ing 
high leve ls o f l y t i c  a c t i v i t y  were pooled and analysed fo r  p ro te in ,  phage 
and l y t i c  a c t i v i t y  using methods described previously. Pooled fra c t io n s  
were divided in to  2.5 £ lo ts  and frozen a t -30°C u n t i l  required fo r  fu r th e r  
p u r i f ic a t io n  or other s tud ies. L i t t l e  loss o f enzyme a c t i v i t y  occurred 
in samples stored under these co n d it io n s , over a 2 i  year period.
GEL FILTRATION STUDIES
Gel f i l t r a t i o n  was used in an attempt to fra c t io n a te  the l y t i c  
a c t iv i t y  o f crude and p a r t ia l l y  p u r i f ie d  4^ 2 (W) lysa tes , in enzyme 
p u r i f ic a t io n ,  and to  determine the molecular weight o f fC2(W)-induced 
ly s in .
Gel f i l t r a t i o n  is  a l iq u id  chromatographic method which separates 
molecules p r im a r i ly  according to d iffe rences in molecular dimensions.
In th is  method p a r t ic le s  o f a gel material w ith a sponge-like m atrix  
s tru c tu re , conta in ing pores o f co n tro l le d  dimensions, are poured in to  
a column under cond it ions which permit uniform packing o f the p a r t ic le s .
A sample which contains a mixture o f  substances d i f fe r in g  in  molecular 
dimensions is  then applied to the bed surface and subsequently caused 
to  percolate through the bed by e luant f low . As e lu t io n  proceeds, molecules 
which are too large to  enter the pores o f the gel matrix pass ra p id ly  
through the bed in the space surrounding the gel p a r t ic le s ,  and are eluted 
in  a s ing le zone near the beginning o f the e lu t ion  p r o f i le .  On the
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other hand, molecules which are capable o f d i f fu s in g  in to  the pores o f 
the matrix are retarded in th e i r  m igration through the bed. The extent 
o f re ta rda tion  is  inverse ly  co rre la ted  with molecular dimensions; the re fore  
the smallest molecules are retarded to  the greatest extent and are thus 
the la s t  to  emerge from the bed.
Gel f i l t r a t i o n  media
In i n i t i a l  experiments and in molecular weight determination studies 
polyacrylamide gel f i l t r a t i o n  media were used. These hyd roph il ic  gel 
media are produced by the co-polymerisation o f acrylamide w ith  the cross- 
l in k in g  agent N,N' methylene-bis-acrylamide and d i f f e r  from sephadex 
type media in th a t  they contain only low concentrations o f  an ionic groups 
(Pecsok and Saunders, 1968; Anon., 1975). This property should be 
p a r t ic u la r ly  valuable in  studies w ith  phage ly s in s .  Phage ly s in s  are 
very basic prote ins and the use o f  chromatographic media w ith  appreciable 
cation exchange capacity  could re s u l t  in s ig n if ic a n t  enzyme losses. In 
la te r  experiments Sephacryl S-200 was used. This is  a r e la t iv e ly  new 
gel f i l t r a t i o n  medium and is  produced by covalently  c ro s s - l in k in g  a l ly l  
dextran w ith  N,N methylene bisacrylamide.
Preparation o f gel f i l t r a t i o n  media
Bio-Gel PI00 (50-100 mesh) and Bio-Gel PI50 (50-100 mesh) were 
obtained from Bio-Rad Laboratories Ltd. Sephacryl S200 was obtained 
from Pharmacia. Bio-Gel media were hydrated in an excess o f  e lu t io n  
b u ffe r  fo r  24 h a t  room temperature e sse n t ia l ly  as described in the Bio- 
Rad Gel Chromatography Manual (Anon., 1975). During th is  period , and 
a f te r  hydration, f ine s  were removed by suction u n t i l  no tu r b id i t y  remained 
in the supernatant. Exhaustive f ines  removal was essentia l to  obtain
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a s a t is fa c to ry  f low  rate w ith  Bio-Gel PI50. Sephacryl was supplied swollen 
and was e q u i l ib ra te d  in  e lu t io n  b u f fe r  p r io r  to packing.
Column packing
Gel s lu r r ie s  in  the respective e lu t ion  bu ffe r were degassed under 
vacuum, cooled to  5“ C and c a re fu l ly  poured in to  a Pharmacia K26/100 column 
(2.6 cm X 100 cm) which contained about 10 ml o f e lu t io n  b u f fe r .  P r io r 
to pouring the s lu r r y ,  e luant was in jec ted  in to  the o u t le t  tub ing and 
pumped up through the bed support to  remove a i r  bubbles. A column extension 
(Pharmacia product R25/26, capacity  500 ml) was used and enabled columns 
to be packed in one opera tion , thus ensuring even sedimentation o f the 
gel p a r t ic le s .  With the Bio-Gel media, p a r t ic le s  were allowed to  sediment 
fo r  30 min a t which time e luant f low  was in i t ia te d .  A fte r  sedimentation 
fo r  10 min f low  was in i t i a t e d  w ith  columns containing Sephacryl.
Bio-Gel PI50 and Bio-Gel PI00 were packed using a hyd ros ta t ic  head 
of 41 cm and 51 cm re sp e c t ive ly . A fte r  e q u i l ib ra t io n  w ith  e luant th is  
gave f low  rates o f 10 ml h  ^ and 60 ml h  ^ respec tive ly . Sephacryl was 
packed by pumping e lu t io n  b u f fe r  a t a flow rate o f 180 ml h"^ through 
columns. A varioperpex pump (LKB, Produkter AB, S-161.25 Brommol,
Sweden) was used in a l l  gel f i l t r a t i o n  experiments in which pump e lu t io n  
was used. Flow was varied by a l te r in g  the pump speed.
In p re lim inary  experiments columns were operated in the descending 
mode and the f low  ra te  was varied by a l te r in g  the hyd ros ta tic  head. A 
constant head was maintained using a 500 ml Mariette f la s k .  Later experiments 
used pump e lu t io n  and ascending f lo w . Columns contain ing PI00, PI50 
and Sephacryl S-200 were e lu ted w ith  0.1 M potassium phosphate b u ffe r  
pH 7.0, 0.2 M potassium phosphate b u ffe r  pH 7.3 conta in ing 0.01% (w/v) 
sodium azide, and 0.1 M potassium phosphate, pH 7.0 , con ta in ing  5 mM
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ethy lenediam inete tracetic  acid (EDTA), 5 mM mercaptoethanol and 0.01%
(w/v) sodium azide respec tive ly  unless stated otherwise. A l l  bu ffe rs  
were f i l t e r e d  through Whatman No. 5 f i l t e r  paper to remove p a r t ic u la te  
contaminants and were degassed by asp ira ting  solu tions under vacuum.
DETERMINATION OF THE MOLECULAR WEIGHT OF *C2(W)-INDUCED LYSIN
A Pharmacia K26/100 column was packed w ith  Bio-Gel PI00 (50-100 
mesh) e q u i l ib ra te d  w ith  0.2 M potassium phosphate b u f fe r ,  pH 7.3, conta in ing 
0.01% (w/v) sodium azide to  a bed height o f 90 cm as prev iously  described. 
The column was operated a t 5°C and was eluted in the descending mode 
by pump e lu t io n  w ith  the e q u i l ib ra t io n  bu ffe r . A higher io n ic  strength 
and pH were used in  th is  experiment than in other gel f i l t r a t i o n  experiments 
to minimise the p o s s ib i l i t y  o f  ly s in -g e l matrix in te ra c t io n s .
Protein standards
Columns were ca l ib ra te d  using the fo llow ing  p ro te ins : bovine serum
albumin, molecular weight 57,000; ovalbumin, molecular weight 43,000; 
chymdtrypsinogen A, molecular weight 25,000; and Ribonuclease A, molecular 
weight 13,700. Blue dextran 2000, molecular weight 2 x l o f ,  was used 
to determine the void volume. The c a l ib ra t io n  prote ins and blue dextran 
were obtained from Pharmacia. In c a l ib ra t io n  experiments 10 mg o f each 
p ro te in , except ribonuclease A o f which 13 mg were used, were dissolved 
in 5.0 ml o f e lu t io n  b u f fe r  and 4.5 ml o f the mixture used in gel f i l t r a t i o n  
experiments. To avoid the p o s s ib i l i t y  o f p ro te in -p ro te in  in te ra c t io n s  
creating erroneous re su lts  several prote ins were also run separately.
Sample ap p lica t io n
The column end piece was removed and the bed surface, which was 
protected by a sample a p p lica t io n  cup, drained. The c a l ib ra t io n  p ro te in
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mixture (4.5 ml) was c a re fu l ly  added and allowed to  dra in in to  the gel. 
Samples were washed in to  the gel w ith  2.0 ml o f e lu t io n  b u f fe r .  A f te r  
the sample had been washed in ,  the column was r e f i l l e d  w ith  e luant and 
e lu t io n  s ta r ted .
Fraction c o l le c t io n
E ff lue n t was co llec ted  using the model 1200 ISCO f ra c t io n  c o l le c to r .  
The c o l le c to r  was operated in  the time mode and f ra c t io n s  were co llec ted  
at predetermined in te rv a ls .  The absorbance o f fra c t io n s  a t 280 nm was 
determined using a Pye Uni cam SP-1800 double beam spectrophotometer (Pye 
Unicam L td . ,  York S tre e t,  Cambridge, England) and the peak e lu t io n  volume 
(Ve) fo r  each p ro te in  standard obtained. Ve values were p lo t te d  against 
the logarithm o f the molecular weight o f  the pro te in  standard as described 
by Andrews (1964) to  prepare Ve/log molecular weight c a l ib ra t io n  curves.
The molecular weight o f  the 4iC2(W) ly s in  was obtained by applying crude 
or p a r t ia l l y  p u r i f ie d  preparations o f fC2(W) ly s in  to  the PlOO column under 
s im i la r  conditions as the p ro te in  standards. E ff lu e n t was analysed fo r  
ly s in  a c t i v i t y  and the molecular weight o f the enzyme determined using 
the Ve/log molecular weight c a l ib ra t io n  curve.
PURIFICATION AND CONCENTRATION OF PHAGE LYSIN USING ULTRAFILTRATION
U l t r a f i l t r a t i o n  is  a process in  which membranes o f  a .selected pore 
size are used to separate so lu te  molecules on the basis o f t h e i r  molecular 
dimensions. The use o f  membrane f i l t r a t i o n  methods in  enzyme p u r i f ic a t io n  
has been reviewed (P o r te r ,  1972). In th is  study u l t r a f i l t r a t i o n  was 
employed to p u r i fy  and concentrate the 4T^(W)-induced ly s in  and to desalt 
enzyme preparations.
U l t r a f i l t r a t i o n  studies were undertaken using an Amicon Model 202 
u l t r a f i l t r a t i o n  c e l l  (Amicon Corporation, Lexington, Mass. 02173, U.S.A.)
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f i t t e d  w ith  a range o f  u l t r a f i l t r a t i o n  membranes. The capacity o f  the 
ce l l  was about 200 ml but th is  was increased to about 1 £ in  some
experiments by coupling a re se rvo ir  (Amicon product number RA500) to
the c e l l .  The u n it  was pressurised by nitrogen and was operated a t  30
p . s . i .  Unless stated otherwise u l t r a f i l t r a t i o n  was undertaken a t  5°C.
U l t r a f i l t r a t i o n  membranes were obtained from Amicon; Nuclepore-C 
Nuclepore Corporation, Pleasanton, C a li fo rn ia  94566, U .S .A .); and M i l l ip o re  
(M il l ip o re  U.K. L td . ,  M i l l ip o re  House, London, England).
The chemical composition o f the Amicon and M i l l ip o re  membranes 
re ferred to in the te x t  was given by Mr. Chainey and Mr. McGinty from 
Amicon and M i l l ip o re  re spec t ive ly .
A l l  membranes were used in accordance w ith  manufacturer's in s tru c t io n s , 
In most experiments the enzymes were desalted using 0.001 M potassium 
phosphate b u ffe r  pH 6.7 to  wash out s a l ts .  . In studies concerned w ith  
the e f fe c t  o f cations on ly s in  a c t iv a t io n ,  enzyme preparations were desalted 
using d i s t i l l e d  water.
EFFECT OF CATIONS ON THE LYTIC ACTIVITY OF 0C2(W)-INDUCED LYSIN 
Monovalent cations
Stock so lu t ions  o f sodium or potassium ch lo ride  were added to  c e l ls  
suspended in 0.01 M potassium phosphate b u f fe r ,  pH 6 .7 , to  give various 
Na^ and concentrations. Cell suspensions were used to  assay p a r t ia l l y  
p u r i f ie d  preparations o f  4>C2(W) ly s in  and the e f fe c t  o f concentration 
o f monovalent cations on the a c t i v i t y  o f the phage enzyme determined.
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Divalent cations
Stock so lu t ions  o f  calcium ch lo r id e , manganese sulphate, magnesium 
sulphate or coba lt ch lo r ide  were added to c e l ls  suspended in  0.01 M 3 
disodium glycerophosphate b u f fe r ,  pH 6.7 to give a range o f  ca tion  
concentrations. Cell suspensions were used to assay p a r t ia l l y  p u r i f ie d  
phage ly s in  to enable the e f fe c t  of d iva len t cations on the a c t i v i t y  
o f the phage enzyme to  be determined.
EFFECT OF INHIBITORS ON THE LYTIC ACTIVITY OF fC2(W)-INDUCED 
LYSIN
p Chloromercurobenzoate (CMBA)
The e f fe c t  o f  CMBA on the l y t i c  a c t iv i t y  o f  fC2(W) ly s in  was studied 
by adding 200 pi q u a n t it ie s  o f d i f fe re n t  concentrations o f  the in h ib i to r  
dissolved in 0.1 M phosphate b u ffe r  (pH 6.7) to tubes conta in ing 200 
pi of p a r t ia l l y  p u r i f ie d  <j>C2(W) ly s in .  A fte r 5 min, 4 ml o f a suspension
o f CIO c e l ls  in  0.1 M potassium phosphate were added to give an O.D.^^q
o f about 0.68 and. the ra te o f c e l l  ly s is  determined a t 37°C.
Oxidised g lu ta th io n ine
The e f fe c t  o f ox id ised g lu ta th ion ine  on the l y t i c  a c t i v i t y  o f  the 
phage enzyme was determined as described fo r  CMBA.
SENSITIVITY OF SELECTED BACTERIA TO LYSIS BY fC2(W)-INDUCED LYSIN
Selected s tra in s  were grown to about mid to la te  log phase and 
harvested by c e n tr i fu g a t io n .  Cells were washed once in d i s t i l l e d  water 
and resuspended in  0.1 M potassium phosphate, pH 6.7 and used to  assay 
a p a r t ia l l y  p u r i f ie d  phage ly s in  preparation e s s e n t ia l ly  as described 
previously (p24) except th a t preparations o f high l y t i c  a c t i v i t y  were 
used.
mGrowth conditions
Streptococci (w ith the exception o f Str. thermophilus), E. ooli 
and M. lysodeiktdous were grown in PLGYG broth. Group N streptococci 
and M. lysodeikticus were grown a t 30°C. Other streptococci were incubated 
at 37°C. L a c tob ac il lus , str, thermophllus and leuconstoc s tra in s  were 
grown in  MRS broth (De Man, Rogosa and Sharpe, 1960). L a c to b a c i l l i  and 
the leuconstocs were incubated a t 37°C and 30°C re sp e c t ive ly ,  s tra in s  
o f Stv, thevmophllus were grown at 37°C.
ACTION OF 0C2(W)-INDUCED LYSIN ON CELL WALLS
Preparation o f c e l l  walls
CIO c e l ls  were harvested from 1 i quan t it ie s  o f  PLGYG broth (1% 
inoculum, 30°C, 6 h) by c e n tr i fu g a t io n  and washed twice in  d i s t i l l e d  
water. Washed c e l ls  were resuspended in d i s t i l l e d  water to  give th ick  
suspensions. Cells were broken by sonicating 15 ml q u a n t it ie s  o f  s lu r ry  
using a Rapidis U ltrason ic  D is in t ig ra to r  f i t t e d  w ith  a 9 mm t i p .  The 
instrument was operated a t  maximum power fo r  20 min and suspensions were 
cooled during d is ru p tio n  by immersion in a c i r c u la t in g  ethylene glycol 
bath at 3 °C. The d isrupted c e l ls  were suspended in d i s t i l l e d  water 
and cen tr ifuged at 3,000 x g fo r  15 min to p e l le t  unbroken c e l ls  and 
large p a r t ic le s .  The supernatant was then cen tr ifuged a t  9,000 x g fo r  
20 min at 4°C. The sediment (crude ce l l  w a lls )  was washed w ith  100 ml 
o f 1 M sodium ch lo r ide  and centrifuged at 17,000 x g fo r  20 min. The 
p e l le t  was suspended in a saturated so lu tion  o f sodium dodecylsulphate 
(SDS) and held a t 37°C fo r  24 h. The c e l l  walls were then sedimented 
by c e n tr i fu g a t io n  a t 17,000 x g fo r  20 min. The p e l le t  was washed f iv e  
times w ith  d i s t i l l e d  water and resuspended in d i s t i l l e d  water. The c e l l  
walls  were then cen tr ifuged a t 3,000 x g fo r  20 min and the supernatant
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c a re fu l ly  removed. The c e l l  walls were she ll frozen at -30°C and freeze 
dr ied . This procedure is  a m odif ica tion  o f the SDS method described 
by Wallinder and Neujahr (1971).
Id e n t i f ic a t io n  o f  c e l l  wall linkage attacked
Cell walls o f  CIO which had been p u r i f ie d  by SDS treatment were 
suspended in  0.1 M potassium phosphate b u ffe r  pH 6.7 to give concentrations 
ranging from 1-1.5 mg/ml. Cell wall suspensions (5 ml) were incubated 
at 37°C in  dup lica te  and p a r t ia l l y  p u r i f ie d  ^C2(W) ly s in  (100 p i)  was 
added to  one tube. Samples were removed from both tubes a t in te rv a ls  
and analysed fo r  reducing sugars, the l ib e ra t io n  o f  free amino groups, 
and O.D.^^q. Reducing sugars were measured using the arsenomolyiJlate 
method described by Dische (1962). In th is  method Cu** s a l ts  are reduced 
by sugars to Cu^ which reduces the arsenomolybdate to molybdane blue. The 
adsorption o f  the la t t e r  is  d i r e c t ly  re la ted  to the concentration o f  the 
sugar. Reducing sugars were calcu lated as glucose using the re la t io n s h ip  
derived by Dische (1962) tha t 50 pg o f  glucose gives an o p t ic a l density 
o f  0.675 at 660 nm; 0.5 ml samples were used in  analyses. Amino groups 
were determined using the f lu rod in itrobenzene (FDNB) method described 
by Ghuysen, Tipper and Strominger (1966). In th is  method FDNB is used 
to convert amino acids l ibe ra ted  by the action o f  l y t i c  enzymes on the 
peptidoglycan to N-din itrophenyl (DNP) d e r iv i t ie s .  Amino groups l ibe ra ted  
were expressed re la t iv e  to alanine using the data o f the previous workers 
who reported th a t the DNP d e r iva t ive  o f  alanine had a molar e x t in c t io n  
c o e f f ic ie n t  o f  5,200. The sample volume used was 0.3 ml.
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Chromatography o f  reduced enzyme digests o f  c e l l  walls
Cell wall d igests were reduced w ith  borohydride, hydrolysed w ith  
hydroch loric  acid and analysed fo r  c e l l  wall components using an amino 
acid analyser in an attempt to characterise fC2(W) ly s in  as an N-acetyl- 
glucosaminidase or an N-acetylmuramidase. Two m i l l i l i t r e s  o f duplicate 
suspensions o f  CIO c e l l  walls in 0.1 M potassium phosphate b u f fe r ,  pH 
6 .7 , were incubated in duplicate  a t 37°C. A range o f c e l l  wall concentrations 
n  m g - 7 mg/ml) was used. To one tube 100 pi o f p a r t ia l l y  p u r i f ie d  
^C2(W) ly s in  were added. Tubes were held a t 37°C fo r  6 h. At th is  time 
about 10 pi o f  chloroform were added to  each tube (to i n h ib i t  m icrobial 
growth) and held a t 30°C fo r  a fu r th e r  14 h. S u f f ic ie n t  sodium hydroxide 
(1 M) was added to  bring the pH to  about 10.5-11 and 100 pi o f 10.5%
(w/v) potassium borohydride were added to each tube. Tubes were then 
cooled to 5°C and held a t tha t temperature fo r  24 h.
Three d i f fe re n t  procedures were then used to produce c e l l  wall 
hydrolysates fo r  ana lys is . In the f i r s t  two methods the reduced samples 
were freeze -d r ied  and the dried preparations a c id i f ie d  w ith  6 M hydrochloric 
ac id , evacuated, sealed and hydrolysed at 110°C fo r  22 h in  method A 
and fo r  4 h in  method B, a t 110°C. The hydrolysis conditions used in 
method.A were s im i la r  to those used by Tsugita et al. (1968) who studied 
the action o f  T4 lysozyme on E. coll c e l l  w a lls . In the th i r d  method 
the reduced c e l l  wall preparations were not freeze-dried  p r io r  to  hydrolysis 
and s u f f ic ie n t  concentrated hydroch loric  acid was added to  the suspensions 
to give a 2.4 M so lu t ion  o f ac id . The tubes were then evacuated, sealed 
and hydrolysed fo r  4 h a t 95°C.
The hydrolysed materia l obtained from the three methods was freeze- 
dried to remove the acid and to  concentrate the hydrolysed wall m ateria ls .
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The dried hydrolysate was dissolved in 0.2 M sodium c i t r a te  b u f fe r ,  pH 
3.25. Samples fo r  analysis were applied to the 65 cm x 0.9 cm column 
o f the JLC 5AH amino acid analyser. The instrument was operated under 
s im i la r  conditions to those used fo r  amino acid analysis (Spackman, Stein 
and Moore, 1958) except th a t a temperature o f 45°C was used and the b u ffe r  
was changed from pH 3.25 to  pH 4.25 a f te r  110 min. These conditions 
are s im i la r  to  the amino acid analyser operating conditions used by Tsugita 
et al. (1968) in  th e i r  study o f the T4 lysozyme action on E. coli.
The amino acid analyser was ca lib ra te d  using standard solu tions 
o f  amino acids and amino sugars. The amino acid standard so lu tions were 
prepared by the technic ian who operated the analyser. Because the reduced 
products o f  muramic acid and glucosamine, muramicitol and glucosaminito i  
respective ly  were not commercially a va i la b le , they were produced by reducing 
the appropriate amino sugar w ith  borohydride e s s e n t ia l ly  as described 
previously fo r  the c e l l  wall m a te r ia l.  A fte r  reduction samples were 
hydrolysed w ith  6 M hydrochloric acid fo r  22 h a t 110°C and freeze-dried .
The freeze-dried  material was then dissolved in sodium c i t r a te .  I t  was 
assumed th a t 1 0 0% conversion o f amino sugar to  alcohol occurred.
The concentration o f amino sugar or other compound was ca lcu la ted 
using the l in e a r  re la t io n sh ip  between peak area and concentra tion. Peak 
area was ca lcu la ted by m u lt ip ly in g  the net height o f a peak by the width 
o f the peak at h a lf  he ight.
ULTRASTRUCTURAL STUDIES OF THE ACTION OF ' 0C2(W)-INDUCED LYSIN 
ON CELLS OF Stv. lactls CIO
P a r t ia l ly  p u r i f ie d  fC2(W) ly s in  was added to log phase c e l ls  o f 
CIO suspended in 0.1 M potassium phosphate b u ffe r  pH 6.7 to  give a ly s in  
concentration o f  300 u/m l. Preparations were incubated a t 37°C and samples
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were removed a t in te rv a ls .  The l y t i c  reaction  was stopped by the addition
|>oVASS*»wr^
o f an equal volume of^phosphate buffered sa line  (PBS) conta in ing 5% (v /v ) 
glutaraldehyde. Fixed c e l ls  were pe lle ted  by c e n tr i fu g a t io n  at 3,000 
X g , washed three times in PBS, and then p o s t- f ixed  in 1% (w/v) osmium 
te tro x id e  fo r  1 h. The c e l ls  were again washed three times in  PBS and 
dehydrated using a graded series o f ethanols to 100%.
Gradients o f hydroxy propyl methacrylate and f i n a l l y  Epon 812 resin 
were subs titu ted  fo r  the ethanol and the res in  was polymerised a t 65°C 
fo r  72 h. Sections o f  thickness 60 nm were cut using an LKB Ultratome 
I I , stained w ith  u rany i acetate and lead c i t r a te  and examined in  a Siemens 
Elmiskopf 101 e lec tron  microscope using an acce lera ting  voltage o f 80 
kV. The concentration o f uranyl acetate used was 5% (w /v). The lead 
c i t r a te  was prepared by adding 1.33 g o f lead n i t r a te  and 1.76 g o f sodium 
c i t r a te  to 30 ml o f  d i s t i l l e d  water.
REAGENTS
With the exception o f the m ateria ls  used in e lec tron microscopy 
and those noted in the te x t  a l l  reagents used were o f 'A na la r ' or highest 
p u r i ty  ava ilab le  and were obtained from BOH Chemicals, Poole, Dorset, 
England or from Sigma Chemicals, Fancy Road, Poole, Dorset. Reagents 
used in  electronmicroscopy were supplied by Mr. John Parry, The In s t i tu te  
o f V iro logy , Church S tree t,  Glasgow and were obtained o r ig in a l ly  from 
Agar Aids fo r  Electron Microscopy, Stanstead Road, Essex, England.
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RESULTS
DEMONSTRATION OF BASIC NATURE OF LYTIC AGENT AND ITS HOMOGENITY
Prelim inary experiments (Table 2 . 1 ) using a s im i la r  procedure to 
tha t reported by Oram and Reiter (1965) revealed tha t Amberlite CG50 
(a weak ca rboxy lic  acid ion exchange re s in )  could be used to iso la te  
and p a r t ia l l y  p u r i fy  4»C2(W) ly s in .  Lysin a c t iv i t y  was elu ted in one 
peak. Recovery o f l y t i c  a c t i v i t y ,  approaching 100% recovery, could have 
been obtained i f  a l l  the ly s in -co n ta in in g  fra c t io n s  had been pooled.
Some o f  the ea r ly  f ra c t io n s  which were coloured and la te r  f ra c t io n s  which 
had low enzyme a c t i v i t y  were not pooled. These re su lts  show tha t the 
l y t i c  agent in fC2(W) lysates behaves as a basic p ro te in  in  chromatography 
on CG50 and suggests tha t the l y t i c  a c t i v i t y  present in  ^C2(W) lysates 
is  caused by one agent.
Gel f i l t r a t i o n  on a column o f Bio Gel PI50 (exclusion l im i t  150,000) 
was used in an attempt to fra c t io n a te  the l y t i c  a c t i v i t y  present in the 
CG50 e f f lu e n t .  L y t ic  a c t iv i t y  was eluted as a s ing le  peak (Figure 2 .1 ),
High recovery o f  l y t i c  a c t iv i t y  was also found (Table 2 .2 ) .  These resu lts  
provide fu r th e r  evidence th a t the l y t i c  a c t iv i t y  in 0C2(W) lysates is  
due to a s ing le  agent. Appreciable p u r i f ic a t io n  and removal o f <J>C2(W) 
were also found suggesting th a t the combination o f  ion exchange chromatography 
and gel f i l t r a t i o n  could form the basis o f a good p u r i f ic a t io n  scheme.
The void volume o f the column, ind icated by Vo, was determined 
using blue dextran 2000. The phage leve ls  also peaked in  th is  f ra c t io n .
An estimate o f  the molecular weight o f  the lys in  was obtained using the 
fo rm u la :-
Ve - Vo
K .=  -----------------------
Vt - Vo
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Figure 2.1 Chromatography o f a d i lu te d  4^2(W) ly s in  prepara tion  
on a 89 cm X 2.6 cm column o f  Bio-Gel PlOO
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Where Ve = e lu t ion  volume o f  lys in
Vo = void volume
Vt = to ta l  bed volume
to give a value o f  0.30 fo r  the phage enzyme. This value was then used 
to obta in an approximate value o f  the molecular weight of  ^C2(W) l y s in  from 
the p lo t  against molecular weight given in the Bio Rad gel f i l t r a t i o n  
laboratory manual (Anon., 1975) o f  about 50,000.
ISOLATION AND PARTIAL PURIFICATION OF 4T2(W)-INDUCED LYSIN
Prel iminary experiments concerning the i s o la t io n  o f  <}>C2(W) lys in  by 
ion exchange chromatography
Oram and Rei ter (1956) used acetone p re c ip i ta t ion  as a pre l iminary 
step in  the p u r i f i c a t io n  o f  ^ML3 ly s in  by ion exchange chromatography.
This step was employed so le ly  to reduce the phage level in the crude 
phage lysate .  This procedure also reduced the phage level in 4>C2(W) 
lysates wi thout s i g n i f i c a n t l y  a f fe c t in g  the ly s in  concentrat ion (Table
1.5).  Acetone p re c ip i ta t io n  was accompanied by the appearance o f  a white 
f lo ccu le n t  p rec ip i ta te  e s s e n t ia l ly  as described by the former workers.
Since the phage level was s i g n i f i c a n t l y  reduced and no s ig n i f i c a n t  reduction 
In pro te in  leve ls was found i t  was i n i t i a l l y  assumed tha t  the p re c ip i ta te  
was phage. Because o f  safety considerat ions (acetone is  inflammable 
and forms a p o te n t ia l l y  explosive mixture wi th a i r )  and the d i f f i c u l t i e s  
o f  using acetone p re c ip i ta t io n  wi th  large volumes o f  broth lysates,  experiments 
were undertaken to iso la te  lC2(W)-induced ly s in  without using acetone 
p r e c ip i ta t io n .  Studies were i n i t i a t e d  using 30 x 2.5 cm columns o f  CG50 
or Bio Rex 70 (20-50 mesh). The columns were equ i l ib ra ted  with 0.1 M p o ta s s iu m  
phosphate bu f fe r  pH 5.8 and e lu t io n  was undertaken with 0.2 M K-phosphate 
bu f fe r  pH 7.3. I t  was found tha t  the columns had a r e la t i v e l y  low capaci ty 
f o r  l y s in .  Lysin binding s i tes  were saturated by about 1 z o f  lysate .  
Consequently large quant i t ies  o f  ion exchange resin would be required
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to iso la te  l i t r e  quant i t ies  o f  p a r t i a l l y  p u r i f ie d  l y s in .  This was unexpected 
and the p o s s ib i l i t y  tha t  acetone p re c ip i ta t io n  removed medium const i tuents  
which would otherwise compete wi th  l ys in  fo r  binding s i tes  on the resins 
was considered. In a fu r th e r  experiment in which 9 & o f  a d i lu ted  PLGYG 
broth lysate (50% v/v d i l u t io n  wi th  d i s t i l l e d  water and adjusted to pH 
5.8) were appl ied in the descending mode to a 30 x 2.5 cm column o f  Bio 
Rex 70 (20-50 mesh) and eluted in the ascending mode (a procedure which 
concentrates materials  absorbed on the res in )  a white c r y s ta l l i n e  p rec ip i ta te  
was present in the enzyme conta in ing f ra c t io n s .  The f rac t ions  contain ing 
the highest level o f  p re c ip i ta te  (estimated v is u a l ly )  occurred past the 
f ra c t ion s  containing the highest concentrat ion o f  l y s in .  This observation 
suggests tha t  the p rec ip i ta ted  materia l (s) i s /a re  more basic than the 
l y s in .
I f  a p rac t ica l  method could be found to increase the lys in  binding 
capaci ty o f  the resins then the requirements fo r  ion exchange resins 
would be reduced and laboratory  size columns could be used in enzyme 
p u r i f i c a t io n .  I n i t i a l l y  i t  was thought tha t  the p rec ip i ta ted  materia l 
was a basic medium const i tuent  and attempts were made to f in d  a medium 
which contained a lower level  o f  substances competing fo r  resin binding 
s i te s .  I t  was envisaged th a t  i f  t h is  medium was used to prepare phage 
lysa tes ,  the ion exchange resins should e x h ib i t  an increased capacity  
to bind the phage-induced enzyme. The e f fe c t  o f  producing 4^2(W) lysates 
in d i f f e r e n t  media on the apparent capacity of  Bio Rex 70 fo r  l y s in  is  
shown in Table 2.3.
The tryptone yeast ex t rac t  medium was found to give highest l y s in  
b inding. This f ind ing  was confirmed in repeat experiments. That the 
capacity of Bio Rex 70 fo r  phage l y s in  was not simply re la ted to medium 
composition is also apparent. S im i la r  lys in  binding occurred in PLGYG
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Table 2.3
Ef fec t  o f  medium on the apparent capacity o f  Bio Rex 70
fo r  ^C2(W) l y s in
Medium Lysin^bound
TYGG 3,200
TLBC 900
PLGYG 1,500
50% m PLGYG 1,500
1 g o f  Bio Rex 70 (20-50 mesh) was equ i l ib ra ted  w i th  0.05 M 
K-phosphate bu f fe r  pH 5.8, mixed w i th  30 ml o f  the respective 
broth ly s in  preparation and the quan t i ty  o f  ly s in  bound was 
ca lcu la ted.
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and in a medium designated 50% PLGYG which contained h a l f  the concentration 
of  medium components. This suggested tha t  the materia l or material (s) 
competing with lys in  could be produced, at least in pa r t ,  by the phage- 
in fected c e l l s  or perhaps by uninfected c e l l s  of C2.
This hypothesis was tested by adding 40% (v /v )  acetone to uninoculated 
PLGYG and tryptone yeast ex t rac t  media and to phage lysates prepared 
in both media. No p rec ip i ta te  was found in the uninoculated media but 
was present in the phage lysates. The ce l l  free supernatant of contro l  
log phage cu l tu res of  02 (not in fected with  0C2(W))also gave a p rec ip i ta te  
with 40% (v /v )  acetone. This suggests tha t  the m a te r ia l (s )  which compete 
with l ys in  fo r  absorption s i tes  on the ion exchange resins is /a re  produced 
at leas t  in part  by 0 2 .
The white c r y s ta l l i n e  materia l present in f rac t ions  from the ion 
exchange experiment discussed previously was removed from the eluant 
bu f fe r  by f i l t r a t i o n  and washed several times wi th  40% (w/v) acetone.
The materia l was only s l i g h t l y  soluble in water or d i l u t e  or concentrated 
so lu t ions of  sodium hydroxide. I t  was very soluble in d i l u te  or concentrated 
acids. A saturated so lu t ion  o f  the materia l in d i s t i l l e d  water at pH 
6 when tested fo r  an t ibac te r ia l  a c t i v i t y  against B, stearothermiphilus 
using the modified Disc Assay method as described by Crawford and Galloway 
(1964), gave a zone of  in h ib i t i o n  of  about 12 mm. The ant im icrob ia l  
a c t i v i t y  was not destroyed by b o i l in g  fo r  5 min. The material passed 
through an Amicon YM20 u l t r a f i l t r a t i o n  membrane (exclusion l i m i t  20,000) 
suggesting tha t  i t  had a molecular weight of  <20,000. A 0.1% w/v so lu t ion  
o f  the material in 0.1  M hydrochloric acid gave a negative react ion fo r  
p ro te in  w i th  the Bio Rad prote in assay method.
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Large scale iso la t io n  and p a r t ia l  p u r i f i c a t io n  o f  4>C2(W)-induced lys in
Fol lowing small scale i s o la t io n  experiments an empirical procedure 
was developed which gave a good y ie ld  and p u r i f i c a t io n  of  the l y t i c  enzyme. 
This procedure was scaled up and used to iso la te  the enzyme present in 
108 z o f  tryptone yeast ex t rac t  broth lysate (Table 2.4) .  Elut ion yie lded 
about 10 z o f  concentrated p a r t i a l l y  p u r i f ie d  l y s in .  The 17-fold p u r i f i c a t i o n  
obtained was s ig n i f i c a n t l y  lower than tha t  achieved in the smaller scale 
experiment shown in Table 2.1. S ig n i f i c a n t  phage removal was also obtained. 
The y ie ld  f igu re  was of  in te re s t .  S ig n i f i c a n t l y  higher recovery o f  l y t i c
a c t i v i t y  than tha t  present in broth lysate was obtained (131%). This
phenomenon, the apparent recovery o f  more l y t i c  a c t i v i t y ,  than tha t  present 
in the crude lysate was found occasional ly  in small scale p u r i f i c a t io n  
experiments and may have been due to the removal o f  an in h ib i t o r  or the 
disaggregation o f  enzyme. The pooled f rac t ions  were stored at -30°C 
u n t i l  required fo r  fu r th e r  p u r i f i c a t i o n .  Enzyme leve ls  were stable at
-30°C fo r  at leas t  2J years.
Further p u r i f i c a t io n  o f  CG50 eluate by u l t r a f i l t r a t i o n
Experiments were performed using a range o f  u l t r a f i l t r a t i o n  membranes 
o f  d i f f e r e n t  chemical composition and exclusion l im i t s  (nominal molecular 
weight l i m i t ) .  Experiments were performed using an Amicon, Model 202 
u l t r a f i l t r a t i o n  ce l l  (membrane area 27.5 cm^  ) f i t te d ,  wi th  d i f f e re n t  membranes 
in which 50 ml of lys in  was concentrated to about 1-3 ml and the concentrate 
and u l t r a f i l t r a t e  tested fo r  l y s in .  No l y t i c  a c t i v i t y  was recovered 
from concentrates produced using polysulphone containing membranes such 
as the Amicon PM series or the M i l l ip o re  PT ser ies membranes. Up to 
50% o f  the l y t i c  a c t i v i t y  was lo s t  i f  the p o ly o e l i f in e  containing membranes 
(Amicon XM50, XMIOO, XM300) were used. L i t t l e  or no loss of l y t i c  a c t i v i t y
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Table 2.4
Large scale is o la t io n ,  concentrat ion and p u r i f i c a t io n  of
(f)C2(W) ly s in  on CG50
Lysate
Volume (£) = 108
Enzyme (u/ml) = 240
Total enzyme (u) = 25.9 x 10^
Phage (p fu /m l) = 4 x 10^^
Protein (ug/ml) = 480
Speci f ic  a c t i v i t y  = .5
Total phage (pfu) = 43.2 x 10^^
Active f rac t ions
Volume (ml) = 9,990
Enzyme (u/ml) = 3.4 x 10^
Total enzyme (u) = 33.95 x 10^
Protein (ug/ml) = 398
Phage (p fu /m l) = 2 x 10^^
Spec i f ic  a c t i v i t y  = 8.54
P u r i f i c a t io n  = 17.1
Total phage (pfu) = 19.98 x 10^^
Yield {%) ~ 131
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occurred i f  polysaccharide type membranes such as Amicon YMIO, YM30; 
M i l l ip o re  PSAC, PSVP; Nucleopore type C series membranes or the non­
io n ic ,  synthet ic ,  Amicon UM20 membrane were used.
Although i t  was bel ieved tha t  the loss of  l y t i c  a c t i v i t y  in 
concentrates produced using the polysulphone and p o lyo e l i f in e  contain ing 
membranes was due to adsorption e f fe c ts ,  attempts to prove th is  were 
unsuccessful. Lysin could not be eluted from PMIO membranes with  0.2 
M potassium phosphate b u f fe r ,  pH 7.3 or with 75% (v /v )  ethylene g lyco l .
The a b i l i t y  o f  polysulphone contain ing membranes to 'adsorb' lys in  was 
not re s t r i c te d  to p a r t i a l l y  p u r i f ie d  l y s in  preparations and lys in  present 
in crude lysates was also absorbed. U l t r a f i l t r a t i o n  using polysulphone 
membranes could not be used to produce lys in  f re e ,  high t i t r e  phage 
preparations because phage was bound also.
The use of  u l t r a f i l t r a t i o n  to concentrate and fu r th e r  p u r i fy  the 
(j)C2(W) ly s in  present in the CG50 eluant is  shown in Table 2.5. In th is  
p a r t i c u la r  experiment a fu r th e r  18-fo ld  p u r i f i c a t io n  was obtained g iv ing 
a f i n a l  p u r i f i c a t io n  f igu re  o f  about 200. I t  must be emphasised tha t  
the 60 ml concentrate had to  be washed four times wi th  an equal volume 
o f  0.05 M potassium phosphate b u f fe r ,  pH 6,7 each time to obtain th is  
degree of  p u r i f i c a t io n .  In other experiments in which smaller volumes 
o f  eluate (10 0 -2 0 0  m l) ,  were used higher p u r i f i c a t io n  f igu res ,  up to 
30 - fo ld ,  were sometimes obtained.
Although u l t r a f i l t r a t i o n  wi th the extremely hydrophi l ic  YM30 membrane 
resulted in s ig n i f i c a n t  enzyme p u r i f i c a t io n  and marked concentrat ion 
o f  enzyme a c t i v i t y ,  the phage leve l was also proport ionate ly  increased. 
Attempts were made to reduce the phage level by using an u l t r a f i l t r a t i o n  
membrane of  s u f f i c i e n t l y  large pore size to al low the lys in  to pass
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Table 2.5
Concentration and f u r th e r  p u r i f i c a t io n  of  ^C2(W) lys in
by u l t r a f i l t r a t i o n
P a r t i a l l y  p u r i f ie d  CG5Q material
Volume (ml)
Protein (ug/ml)
Phage (pfu/ml)
Ly t ic  a c t i v i t y  (u/ml)
Total l y t i c  a c t i v i t y  (u)
Specif ic  a c t i v i t y
500 
430 
.2 X 10 
2,400
1.2 X 10
5.58
10
Washed concentrate ( 1 )
Volume (ml)
Protein (ug/ml)
Phage (pfu/ml)
Ly t ic  a c t i v i t y  (u/ml) 
Total l y t i c  a c t i v i t y  (u ) 
Speci f ic  a c t i v i t y  
P u r i f ica t ion  
Yield {%)
10
60 
154 
18 X 10 
15,750 
0.945 X 10 
102.3 
18.3 (205) 
79
2:
 ^ ) Lysin preparation was concentrated using YM30 u l t r a f i l t r a t i o n  membrane 
Concentrate was washed fou r  times with an equal volume of  quarter 
strength Ringer so lu t ion .
Final p u r i f i c a t i o n  achieved compared wi th  s ta r t in g  lysate (see 
Table 2.4).
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through but not the phage. The e f f e c t  o f  using the M i l l ip o re  PSVP membrane 
(exclusion l i m i t  10^) to  reduce the phage level is  shown in Table 2.6.
Only a s l i g h t  reduction in  ly s in  concentrat ion was found wi th  a large 
reduction in phage concentrat ion (99.5%). However, high concentrat ions 
(2 X 10^ pfu/ml) s t i l l  remained. The e f fe c t  of  using another membrane 
wi th  an exclusion l i m i t  o f  50,000 is  also shown in Table 2.6. Although 
th is  membrane y ie lded an u l t r a f i l t r a t e  wi th  a lower phage level  i t  was 
necessary to wash the membrane wi th  bu f fe r  to obtain even a modest recovery 
o f  enzyme. I f  a lower exclusion l i m i t  membrane (YM30) was used to 
concentrate the a c t i v i t y  present in the u l t r a f i l t r a t e  to tha t  present in  
the PSVP experiment, no advantage of  phage reduction was atta ined since 
s im i la r  phage leve ls  were present in the concentrate. These resu l ts  
r e f l e c t  the f ind ings o f  a large number o f  u l t r a f i l t r a t i o n  experiments.
I t  is  establ ished tha t  u l t r a f i l t r a t i o n  can be used to obtain a s i g n i f i c a n t  
reduction in phage leve ls  but not to  obtain an enzyme preparation free 
of  phage.
Par t ia l  p u r i f i c a t io n  by gel f i l t r a t i o n
In pre l iminary  experiments the l y t i c  enzyme in CG50 e f f lu e n t  was 
concentrated and p a r t i a l l y  p u r i f i e d  by u l t r a f i l t r a t i o n  using an Amicon 
YM30 membrane and app l ied ! to  a column o f  Bio Gel PI00. This method y ie lded 
enzyme p u r i f ie d  from 300-500 fo ld  depending upon the sample volume appl ied 
to the column. In l a t e r  experiments a more rapid method which f a c i l i t a t e d  
the handling of  la rger  quan t i t ies  of ly s in  was developed.
I t  was establ ished tha t  the 4»C2(W)-induced lys in  was p rec ip i ta te d  
by the addi t ion o f  s u f f i c i e n t  ammonium sulphate to give a so lu t ion  o f  
30-50% saturat ion.  Lysin was concentrated in good y ie ld  by the add i t ion  
o f  ammonium sulphate to 46% sa tu ra t ion .  This procedure increased the
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Table 2.6
Use o f  u l t r a f i l t r a t i o n  to reduce the phage level in 
preparations of  ^C2 (W)-induced ly s in
P a r t i a l l y  p u r i f ie d  CG50 materia l
Volume (ml)
Phage (p fu /m l)
Ly t ic  a c t i v i t y  (u/ml)
Membrane type
PSVP
200
2 X 10 
2,340
10
Nucleopore 10'
(T)
200
2 X 10 
2,340
10
U l t r a f i l t r a t e
Volume (ml)
Phage (pfu/ml)
L y t ic  a c t i v i t y  (u/ml)
% reduction in phage concentrat ion
150
2.2 X 10 
3,250 
99.5
8
150 
1.4 X 10 
320 
99.9
7
( 1 ) Exclusion l i m i t  10 dal tons.
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spec i f ic  a c t i v i t y  by about 2 - f o ld .  The phage level was also increased 
(Table 2 .7 ) .  App l ica t ion  of the p rec ip i ta te  dissolved in e lu t ion  bu f fe r  
to a column of Sepharcryl S200 resulted in s ig n i f ic a n t  enzyme p u r i f i c a t i o n  
and a reduction in the phage t i t r e .  The f in a l  ly s in  p u r i f i c a t io n  f igu re  
depended upon the sample volume appl ied. Higher sample volumes resulted 
in lower p u r i f i c a t io n  f igu res .  For lower volumes the s i tu a t ion  was 
reversed. The pooled f ra c t io ns  from the gel f i l t r a t i o n  column were frozen 
a f te r  concentrat ion and desal t ing by u l t r a f i l t r a t i o n  using the YM30 membrane.
Examination of  the gel f i l t r a t i o n  resu l ts  (Figure 2.2) shows tha t  
the lys in  peak was well  separated from the void volume peak (phage 4€2(W) 
peaks in th is  f r a c t i o n ) .  Although gel f i l t r a t i o n  resul ted in a 99.988% 
reduction in the phage level in the act ive f rac t ions  (not al lowing fo r  
d i l u t io n )  the pooled f ra c t ion s  s t i l l  contained high leve ls  of  ^C2(W). I t  
is  apparent from Figure 2.2 tha t  considerable UV-absorbing materia l is  
removed by gel f i l t r a t i o n  and tha t  a UV peak corresponding with l y s in  
a c t i v i t y  was not obtained. The pooled f rac t ions  from the column there fore  
contained at least  one impur i ty  in addi t ion to ^C2(W); they contained 
material from peak B. Since enzyme p u r i f ie d  by th is  procedure was 
extensively  used throughout t h i s  study electron microscopy was used in 
an attempt to determine whether the ly s in  was associated wi th phage 
components. No evidence o f  phage-associated structures i . e .  t a i l s  or 
heads was found in l y s in  preparat ion produced by the above method.
Lysin produced by th i s  method was r e la t i v e l y  unstable. The s t a b i l i t y  
apparently depended upon the pro te in  concentrat ion; the lower the prote in  
concentrat ion the more unstable the preparation. With some preparations, 
about 50% a c t i v i t y  was lo s t  on storage at 5°C fo r  24 h . Ly t ic  a c t i v i t y  was 
stable, however, at -3G°C. Aged preparations could not be reactivated 
by 10 mM concentrat ions o f  cysteine or mercaptoethanol. These compounds
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Figure 2.2 Chromatography o f  a p a r t i a l l y  p u r i f ie d  (ion-exchange and 
ammonium sulphate p re c ip i ta t io n a l  4>C2(W) l y s in  preparation on a 90 cm x
2.6 cm column o f  Sephacryl $200
Column operating condi t ions 
Sample volume, 25 ml
Eluant contained 0.1 M K-phosphate, 5 mM 
E.D.T.A., 5 mM mercaptoethanol and 0.01% (w/v) NaN^  
Flow ra te ,  44 ml h~^
Fraction volume, 5.86 ml 
Temperature, 5°C
, absorbance 280 nm
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did not s t imula te  l y t i c  a c t i v i t y  e i t h e r A t t e m p t s  to fu r th e r  p u r i f y  
preparations using ion-exchange chromatography were unsuccessful and 
resul ted in loss of a c t i v i t y .
Dye l igand chromatography
Attempts to iso la te  and p u r i f y  phage lys in  by dye l igand 
chromatography using the Amicon Dye Matr ix prote in p u r i f i c a t i o n  k i t  were 
unsuccessful. A l l  four l igands in addi t ion to the unsubsti tu ted agarose 
control bound the lys in  (Table 2.8) but only low enzyme recoveries were 
obtained using a v a r ie ty  o f  e lu t ion  techniques inc lud ing 0.1 M SCN or 
75% w/v ethylene g lyco l .  I t  was of great in te re s t  to f i n d  th a t  the green 
A l igand bound the lys in  but not the phage. The po ten t ia l  importance of 
th is  f in d  is  apparent. I f  an e lu t ion  method could be developed to e lute 
lys in  from the green A l igand then a method fo r  the production of phage- 
free ly s in  would be ava i lab le .
A f f i n i t y  chromatography
Attempts to p u r i f y  the enzyme by a f f i n i t y  chromatography on deaminated 
chi t i n  (DECH) by the method of  Weaver et al. (1977) were also unsuccessful. 
Since th is  method was developed fo r  the p u r i f i c a t io n  of hen egg lysozyme 
which is  markedly d i f f e re n t  than 4€2(W)-induced l y s in  the resu l ts  were 
perhaps not su rp r is ing .
PROPERTIES OF PARTIALLY PURIFIED fC2(W)-INDUCED LYTIC ENZYME
Characterisat ion experiments were mainly undertaken wi th enzyme 
preparations which were p u r i f ie d  by ion exchange chromatography, ammonium 
sulphate p re c ip i t a t i o n ,  and gel f i l t r a t i o n .  In some experiments the enzyme 
preparation used was p u r i f ie d  by ion exchange chromatography and 
d i f f e r e n t i a l  u l t r a f i l t r a t i o n  i . e .  the CG50 eluate was passed through a
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Table 2.8
Attempted p u r i f i c a t io n  o f  ^C2(W)-induced lys in  by dye-1igand 
chromatography using the Amicon dyematrix screening k i t
Washings Eluate
Column
Control 
Blue A 
Red A 
Orange A 
Green A 
B1 ue B
Phage 
(p fu /m l )
2 X 10
9.7 ■ X 10'
1.3 X 10
8 X 10^
1.26 X 10 
2 X 10^
8
8
10
Ly t ic  
a c t i v i t y  
(u /ml )
<1
<1
<1
<1
< 1
< 1
Phage
(pfu/ml)
7.9 X 10'
9.4 X 10'
1.28 X 10
1.30 X 10
<1 X 10*
1.66 X 10
10
8
Ly t ic  
a c t i v i t y  
(u/ml )
7
16
4.4
7
10
Columns were equ i l ib ra ted  with 20 mM Tris/HCl bu f fe r  pH 7.5, 500 pi o f  
p a r t i a l l y  p u r i f i e d  ly s in  were appl ied to each column. The preparation 
contained 2620 u o f  l y t i c  a c t i v i t y  and 5.5 x 10^0  pfu o f  #C2(W). 
Columns were washed with  10 ml o f  e q u i l i b ra t io n  b u f fe r  and eluted w i th  
10 ml of  e q u i l i b ra t io n  bu f fe r  containing 1.5 M KCL.
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M i l l i p o re  PSVP f i l t e r  to reduce the phage level and desalted and fu r th e r  
p u r i f ie d  by u l t r a f i l t r a t i o n  using a YM30 membrane. No apparent d i f ferences 
were noted in the enzymes prepared by e i th e r  method.
Ef fec t  of  pH
The l y t i c  enzyme was act ive over the pH Range 5-8 with an apparent 
pH optimum of 6 .5-6.9 {Figure 2 .3 ) .  No l y t i c  a c t i v i t y  was apparent at 
pH 4.5 or  pH 9.0.
E f fec t  o f  temperature
The e f f e c t  of temperature on the a c t i v i t y  o f  the ly s in  is shown 
in Figure 2.4. The lys in  had an apparent temperature optimum o f  37°C 
and had a QIO of  2.5 in the range 22°-32°C. However, the QIO fo r  the 
range 32-42°C was only 0.8.
A c t iva t ion  energies have been reported fo r  some streptococcal phage 
lys ins  (Oram and Rei te r , 1965; T o u rv i l le  and Tokuda, 1967). The 
ac t iva t ion  energy o f  an enzyme can be calculated using an integrated 
form of the Arrhenius ra te  equat ion :-
Ea
Ink = InA - —
RT
Where k = some measure o f  reaction ve lo c i t y
A = constant
Ea = ac t iva t ion  energy
T = absolute temperature
R = gas constant.
1 -Ea
A p lo t  o f  Ink against — should be a s t ra ig h t  l i n e ,  with  a slope o f  —
T R
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Figure 2.3 E ffect o f  pH on the a c t i v i t y  o f  p a r t i a l l y  pu r i f ied  
0C2(W) lys in
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Figure 2,4 E f fec t  o f  temperature on the a c t i v i t y  o f  <^ 02 l y s in
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1
A p lo t  o f  Ink against — fo r  the data present in Figure 2.4 is  shown in
T
Figure 2.5. Calculat ion of  Ea revealed a value of 16.5 kcal mole (69.2 
kJ mole ^ ) f o r  the phage lys in  over the temperature range 22-32°C.
The e f f e c t  o f  temperature on the inac t iva t ion  of fC2(W)-induced 
lys in  is  shown in Figure 2.6. From the resul ts  i t  is apparent tha t  the 
lys in  was unstable at temperatures above 30°C. A f te r  5 min at 47°C only 
3.4% of  the a c t i v i t y  present in the preparation held a t  30°C remained.
For comparison the e f f e c t  o f  temperature on the in a c t iv a t io n  o f  ^C2(W) 
was also studies (Figure 2 .7 ) .  Unlike the previous experiment, 3-disodium 
glycerophosphate bu f fe r  was used because several workers (reviewed by 
Adams, 1959) have reported tha t  phosphate may accelerate the thermal 
ina c t iva t io n  o f  phages. I t  is  apparent that the v i rus  was r e l a t i v e l y  
insens i t ive  to thermal in a c t iva t io n  compared wi th  the phage l y s in  and 
showed l i t t l e  drop in t i t r e  a f t e r  5 min at 60°C, the phage ly s in  was 
inactivated by th i s  treatment. Considerable in a c t iv a t io n  o f  fC2(W) 
occurred at 65°C and complete inac t iva t ion  was obtained a f t e r  5 min at 
73°C.
Ef fec t  of  cat ions
The phage enzyme was activa ted by both monovalent and d iva le n t  
cat ions. The e f fe c t  o f  Na^ and on a c t i v i t y  is  shown in Figures 2.8 
and 2.9. Maximum l y t i c  a c t i v i t y  was found with 0.1 M concentrat ions 
o f  e i th e r  ion. Higher concentrat ions gave reduced a c t i v i t y .  With Na^, 
l y t i c  a c t i v i t y  f e l l  to  a constant value which was independent o f  cat ion 
concentrat ion over the range 0.2-0.4 M. A s im i la r  e f fe c t  was also observed 
with over the concentrat ion range 0.2-0.3 M. A sharp peak of  l y t i c  
a c t i v i t y  was found fo r  Mn^*, Ca*^ and Co*^ at ion ic  concentrat ions 3,
5 and 8 mM respec t ive ly  (Figures 2.12, 2.10, 2.13). Complete i n h ib i t i o n  
of  l y t i c  a c t i v i t y  was found with 30 mM Co^^. With Mg*^ (Figure 2.11) ,
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Figure 2.5 Arrhenius p lo t  showing the e f fe c t  o f  temperature on the 
a c t i v i t y  o f  fC2(W) l y s in
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Figure 2.6 S t a b i l i t y  o f  p a r t i a l l y  pu r i f ied  ^C2(W) l y s in  at various 
temperatures.
The enzyme was incubated fo r  5 min in  0.1 M potassium phosphate bu f fe r  
pH 6.7 at each temperature ind icated. A c t i v i t i e s  are expressed as a 
percentage o f  the a c t i v i t y  at 30°C
Figure 2.7 S t a b i l i t y  o f  #C2(W) at various temperatures
The phage was incubated in  0.01 M g-disodium glycerophosphate b u f fe r ,  pH
6.7 fo r  5 min at each temperature ind icated. A f te r  th is  time tubes were 
removed, cooled ra p id ly  to <10°C and t i t r e d  fo r  surv ivors.
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Figure 2.13 Effect of  Co*^ on the l y t i c  a c t i v i t y  
o f  fC2(W) ly s in
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a broad response curve and an apparent concentrat ion o f  5 mM cation 
required fo r  maximum l y t i c  a c t i v i t y  were found.
Since lower concentrat ions of d iva lent  metal ions were required 
fo r  optimum l y t i c  a c t i v i t y  compared wi th  monovalent ca t ions ,  an attempt 
was made to determine i f  there was a re la t ionsh ip  between ion ic  size 
and the concentrat ion o f  ion required fo r  optimum l y t i c  a c t i v i t y .  A 
p lo t  o f  ion ic  radius (Stark and Wallace, 1969) versus cation concentrat ion 
is  shown in Figure 2.14. The resu l ts  fo r  Ca"*”  ^ and Co^* suggest tha t  
fac tors  other than ion ic  size are also involved; Co^^ is  a much smaller 
ion than yet higher concentrations o f  the former are required fo r
maximum l y t i c  a c t i v i t y .  A s im i la r  s i tua t ion  ex is ts  f o r  Ca^^; th is  
cat ion is la rger  than Mg^^ yet  s im i la r  ion ic  concentrat ions are required 
f o r  maximum l y t i c  a c t i v i t y  with e i th e r  ion. Nevertheless there was 
an apparent re la t ion sh ip  between ion ic  radius and the concentrat ion 
of  Ca^^ and required fo r  maximum a c t i v i t y  o f  fC2(W)-induced
ly s in .  A s im i la r  re la t ionsh ip  apparently existed fo r  Mg^^, Co** and 
Na*.
Ef fec t  o f  anions
The e f fe c t  o f  0.15 molar solu t ions of the fo l low ing  sa l ts  sodium 
ch lo r ide ,  sodium glutamate, sodium pyruvate, sodium c i t r a t e  and sodium 
sulphate on the l y t i c  a c t i v i t y  of fC2(W) ly s in  was determined. No 
s ig n i f i c a n t  d i f ferences in l y t i c  a c t i v i t y  were found suggesting that  
in the case o f  Na* s a l t s ,  the anion has l i t t l e  inf luence on the l y t i c  
reaction.
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Figure 2.14 Relat ionship between ion ic  radius 
and the concentrat ion of  cat ion required fo r  maximum 
l y t i c  a c t i v i t y  o f  phage lys in
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Effect  o f  in h ib i t o r s
Complete i n h ib i t i o n  of  the enzyme a c t i v i t y  was obtained w i th  a 
10“  ^ M so lu t ion  of  chloromercurobenzoate (Table 2 .9 ) .  Complete reversal 
o f  the in h ib i t o r y  act ion o f  a 3.23 x 10 M so lu t ion  o f  the sulphydryl 
binding agent was obtained by the addit ion o f  0.033 M cysteine.  These 
resu l ts  s t rong ly  suggest tha t  fC2(W) lys in  contains a sulphydryl group 
or groups which is /a re  essential fo r  l y t i c  a c t i v i t y .  Attempts were 
made to obtain confi rmation o f  the above data by attempting to i n h i b i t  
the enzyme by ox id is ing  the sulphydryl group(s). The most spe c i f ic  
reagents f o r  ox id is ing  enzyme sulphydryl groups to disulphides are thought 
to be disu lphides themselves e.g. oxidised g lu ta th ione (Dixon and Webb, 
1964). The e f f e c t  o f  oxid ised glutath ione on l y t i c  a c t i v i t y  is  shown
in Table 2.10. Unl ike the s i tua t io n  with CMBA high concentrat ions (5.93 
“ 2
X 10 M) o f  oxid ised g lu ta th ione were required f o r  complete i n h ib i t i o n .  
Marked in h ib i t i o n  o f  l y t i c  a c t i v i t y  was found in some but not a l l  
experiments wi th  a 2.45 mM level o f  in h ib i t o r .  A f te r  these resu l ts  
were obtained mercaptoethanol was rou t ine ly  added to the bu f fe r  used 
fo r  e lu t ion  in gel f i l t r a t i o n  experiments to maintain -SH groups o f  
enzyme.
Hen .egg lysozyme is  inh ib i ted  by low concentrat ions o f  N-acety l- 
d-glucosamine (NAG); a concentrat ion of 28 mM o f  the amino sugar was 
reported necessary f o r  50% in h ib i t i o n  by Jol ies et al. (1968). 
Concentrations o f  NAG in the range 0-50 mM did not i n h i b i t  the l y t i c  
a c t i v i t y  o f  the phage enzyme.
Oram and Rei ter (1965) reported that lysates of tf>ML3 contained 
a ly s is  i n h ib i t o r .  The p o s s ib i l i t y  tha t  the basic substance iso la ted 
from PLGYG broth lysates (pl23) could i n h ib i t  the 4"C2(W) ly s in  was studied.
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Table 2.9
Effect  o f  p-chloromercurobenzoate (CMBA) on the 
a c t i v i t y  of  #C2(W) ly s in
Concentration o f  Ly t ic  a c t i v i t y  o, +
CMBA (M) (u/ml) / I n h i b i t i o n
0 1200 0
lO'S 0 100
lO'G 325 73
10"7 472 60.4
lO'G 1200 0
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Table 2.10
Ef fec t  o f  oxidised g lu ta th ion ine on the 
a c t i v i t y  o f  fC2 lys in
Concentration o f  oxid ised g lu ta th ion ine Lysin a c t i v i t y
(M) (u/ml )
0 3583
5.93 X 10  ^ 0
2.45 X lO'Z 250
2.45 X 10"3 3375
2.45 X 10 4 3500
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I n h ib i to r y  e f fec ts  could not be demonstrated using saturated solut ions 
o f  the basic m a te r ia l .  In these experiments freeze dr ied c e l l s  of C2 
were suspended in 0 .1  M potassium phosphate bu f fe r  saturated with the 
basic substance and used to t i t r e  l ys in  preparations.
Amphipathic substances such as 1ipote icho ic  acids, c a rd io l ip in  
and d ipa lmitoy l  phosphatidyl glycerol  have been shown to i n h i b i t  the 
a c t i v i t y  o f  some a u to ly t i c  enzymes (Cleveland et al., 1975; Cleveland 
et al., 1976; Rogers, Perkins and Ward, 1980; Shungu, Cornett and 
Shockman, 1980). Card io l ip in  (d iphospha t idy lg lycero l ) has been reported 
to be a p a r t i c u la r l y  potent i n h ib i t o r  o f  the a u to ly t i c  N-acetylmuramoyl- 
hydrase (muramidase) of  Str. faecalls ATCC9790 (Shungu et al., 1980).
The e f fe c t  o f  c a r d io l i p in  on the a c t i v i t y  o f  #C2(W) ly s is  was determined. 
Concentrations o f  c a rd io l ip in  in the range 0.0098 mM - 0.098 mM had 
no s ig n i f i c a n t  e f f e c t  on the a c t i v i t y  o f  the phage enzyme.
Almost complete in h ib i t i o n  of l y t i c  a c t i v i t y  was found wi th  1 
M urea. Rivanol (6-9 diamino - 2-ethoxyacrid ine) was used in the p a r t ia l  
p u r i f i c a t io n  o f  T4 phage lysozyme by Tsugita et al. (1968) to p rec ip i ta te  
DNA and ac id ic  prote ins.  The l y t i c  a c t i v i t y  of  the fC2(W)-induced lys in  
was completely inh ib i te d  by concentrat ions required fo r  DNA and ac id ic  
prote in p r e c ip i t a t io n  (0.25% w/v).
During the course of  the work a wide range o f  compounds wo$ tested 
fo r  t h e i r  e f fe c t  on the l y t i c  a c t i v i t y  o f  fC2(W) ly s in .  Because i t  
is sometimes important to have data concerning substances which do not 
i n te r fe re  w i th  enzyme reactions a l i s t  of substances found not to 
s i g n i f i c a n t l y  a f fe c t  the act ion of  the lys in  is  given. The highest 
concentrat ion tested is  given in parenthesis. The compounds tested 
were: n-acetylmuramic acid (10 mM); cysteine (33 mM); glucose (28
mM); e thy ld iam ine te t race t ic  acid (5 mM); 2 mercaptoethanol (10 mM);
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1-glycine (13.3 mM); D/L alanine (11.2 mM); galactose (5.5 mM); s a l i c in  
(3.5 mM); maltose (2.9 mM); melibiose (2.9 mM); 1-rhamnose (6.1 mM); 
ce l loboise (2.9 mM); Paffinose (2.0 mM); sodium azide (30.8 mM); 
streptomycin sulphate (3.7 mM); g lyc lg lyc in e  (7.6 mM); 1-arg in ine 
(5.7 mM); 1-glutamine (6.9 mM); p e n i c i l l i n  G (5 lU/ml) and potassium 
thiocyanate (0.09 M). The l a t t e r  compound is a chaotrophic agent which 
is useful in e lu t ing  substances s trong ly  bound to column packing materia ls .
Molecular weight o f  the ^C2(W)-induced lys in
A 90 X 2.6 cm column of Bio-Gel PlOO was ca l ib ra ted  wi th  a mixture
o f  prote in standards. Providing that the f low rate  did not exceed about
— 1 — 9 — 115 ml h (a l i n e a r  f low rate o f  2.83 ml cm h ) good reso lu t ion  o f
the standards was obtained (Figure 2.15). At higher f low rates i t  was 
more d i f f i c u l t  to obtain good reso lu t ion of  bovine serum albumin and 
ovalbumin. The resu l ts  of three c a l ib ra t io n  experiments were meaned 
and used to derive the regression equation used to construct the 
c a l ib ra t io n  curve shown in Figure 2.16. For comparison the e lu t ion  
volumes found f o r  each standard are also shown. The l in e  was defined 
by the equation Y = -177.3592X + 990.8134, where V = e lu t ion  volume
in ml and X = log molecular weight o f  the prote in standard. The 
co r re la t io n  c o e f f i c ie n t  was 0.992. The only prote in standard which 
was out of  l in e  was ovalbumin whose chromatographic behaviour was consistent  
w i th  a g lobular  pro te in  of  molecular weight about 48,000 instead of  
i t s  reported value of 43,000 given in the Pharmacia gel f i l t r a t i o n  
c a l ib ra t io n  k i t  in s t ruc t ion  manual. Subst i tu t ion  of the e lu t ion  volume 
o f  the phage l y s in  in to  the regression equation gave a mean value (three 
determinations) o f  46,282 ± a standard deviat ion o f  269 fo r  the molecular 
weight o f  the phage enzyme.
Figure 2.15 Chromatography o f  molecular weight markers on a 90 cm x 2.6 cm 
column o f  Bio-Gel PlOO
0 .0*280
Column operating condi t ions 
Sample volume, 4.5 ml
Eluant, 0.2 M potassium phosphate, pH 7.3 
+ 0 . 01% (w/v) NaNj 
Flow ra te ,  15.05 ml h ^
Fraction volume, 3.763 ml 
Temperature, 5°C
Molecular weight markers
A - bovine serum albumin 
B - ovalbumin 
C - chymotrypinogen A 
D - Ribonuclease
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Figure 2.16 E lut ion volume (Ve) versus log molecular weight c a l ib ra t io n  
curve fo r  the Bio-Gel PlOO column
Operating condit ions are defined in Figure 2.15. The l in e  was obtained by 
meaning the resu l ts  o f  three experiments and subject ing the mean values to 
regression analysis.
, resul ts  o f  experiment 1
—Q - , resu l ts  o f  experiment 2
resu l ts  of  experiment 3
Aj bovine serum albumin 
B, ovalbumin 
C) chymotrypsinogen A 
D, ribonuclease
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S e n s i t i v i t y  of  la c t i c  acid bacter ia  and selected bacteria  to QC2(W)- 
induced lys in
Logarithmic phase cul tu res o f  the tes t  bacter ia were harvested, 
washed, suspended in bu f fe r  and t h e i r  s e n s i t i v i t y  to lys in  determined 
(Table 2.11). A l l  s t ra ins  o f  the three species o f  Group N streptococci 
tested were lysed. Marked s t ra in  dependant d i f ferences in s e n s i t i v i t y ,  
however, were apparent. Str, cremoris s t ra ins  R6,1249 and Str, laetls 
CIO were p a r t i c u la r l y  sens i t ive  whereas str, cremoris stra ins US3, AM2 
and str, diaoetylactis DRC2 were r e la t i v e l y  insens i t ive .  The di f ferences 
in s e n s i t i v i t y  are perhaps more apparent when l y t i c  a c t i v i t i e s  are 
expressed re la t i v e  to the a c t i v i t y  towards a reference s t ra in  (f reeze- 
dr ied c e l l s  o f  C2) as suggested by Oram and Rei ter (1965). That commercial 
f reeze-dr ied s tar ters  (contain ing a mixture o f  undefined s tra ins  of 
Group N s treptococci)  intended f o r  bulk s ta r te r  inoculat ion were also 
lysed is  apparent.
A l l  s t ra ins  of  the four species of  Group D streptococci tested 
were lysed. Strain-dependent d i f ferences in s e n s i t i v i t y  were also apparent,
Strains o f  Str, dysgalactiae^ Str. thermophitus, Lact. bulgaricus. 
Lact, fermenti; Leuc. tactis, Leuc, dextranicum, Leuc. cremoris^ E. 
coti and Micrococcus tysodeihticus were not lysed.
Relat ionship between the adsorption o f  ^C2(W) to Group N streptococci  
and s e n s i t i v i t y  to fC2(W) l y s in
In a pre l iminary repor t ,  Rei ter and Oram (1963) stated tha t  phage 
and ly s in  competed fo r  the same adsorption s i t e ;  <j>ML3 lys in  could be 
inh ib i te d  by the homologous phage. An attempt was made to determine 
whether there was a re la t ion sh ip  between the a b i l i t y  of  a s t ra in  to 
a&sorb cj)C2(W) and i t s  s u s c e p t ib i l i t y  to l y s in .  The s e n s i t i v i t y  of
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Table 2.11
S e n s i t i v i t y  o f  l a c t i c  acid bacteria to fC2(W) lys in
Culture Stra i  n i d e n t i t y
A c t i v i t y  
(u m l " ! )
Rela t ive ,  
a c t i v i t y ^  ^
Str. oremovis E8
SKll
SCI
HP
1249
AM2
US3
R6
15,928
5.227 
10,087
5.227 
16,506
260
275
15,818
193
63
122
63
200
3
3
192
Str, tacti-s RMl
ML3
CIO
WMl
6,602
8.253
8.253 
3,301
24,759
7,565
78
100
100
40
300
92
Str. diacetylactis DRC2
1246
344
4,127
4
50
Str. thermopTrilus BC
NÎRD7
0
0
Str. dur ans NCD0498
NCD0596
2,400
800
29
10
Str. bovis NCD0597
NCD0598
1 ,800 
500
22
6
Str. faeoiim NCD0942 800 10
Str. faecalis NCD0581 500 6
Str. dysgatactiae NCD01356
NCD01357
0
0
Leuc. cremoris NCD0543
NCD0705
0
0
Leuc. dextranicum NCD0516
NCD0861
0
0
Leuc. lactis NCD0532
NCD0549
0
0
Commercial concentrate a (3) 2,570 31
Commercial concentrate g(3) 1 ,285 16
A p u r i f i e d  4€2(W) ly s in  preparation was assayed against the tes t  cu l tu res  
as described in Methods.
( 1)Freeze-dried C2 c e l l s .
(3) Preparation o f  f reeze-dried l a c t i c  streptococci normally used fo r  
bulk s ta r te r  inocula t ion.
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several streptococci to l y s in  and t h e i r  capacity to adsorb 4"C2(W) is 
shown in Table 2.12. No adsorption o f  fC2(W) to SCI or DRC2 was found. 
Since DRC2 was r e la t i v e l y  insens i t ive  to the phage lys in  and SCI was 
very sensi t ive to l y s in  these f ind ings  suggest tha t  lys in  and phage 
have d i f f e re n t  s i te s  o f  act ion.  This supposition is supported by data 
f o r  the other s t ra ins  e.g. an absorption f igure  of  37% was found fo r  
s t ra in  1249 which had a re la t i v e  s e n s i t i v i t y  of  200. Comparison o f  
the data f o r  ML3 shows tha t  a high a&sorption of  phage occurred yet  th is  
s t ra in  had a considerably lower s e n s i t i v i t y  to l y s in .
U l t ras t ruc tu ra l  studies o f  the act ion o f  phage lys in  on Str. lactis CIO
The action o f  fC2(W) ly s in  on CIO ce l ls  suspended in 0.1 M k- 
phosphate bu f fe r  at 37°C was studied by electron microscopy.
The ce l ls  were incubated w i th  300 u/ml of  l ys in .  Samples were 
removed at in te rva ls  and the reaction stopped by f i x i n g  the c e l l s  in 
PBS + glutaraldehyde as described in "Methods". The c e l ls  were then 
embedded in resin and sectioned. Control ce l ls  had c le a r ly  defined 
ce l l  wal ls but the ce l l  membrane was d i f f i c u l t  to see c le a r ly  (Plate 
2.1).  A f te r  30 sec (Plate 2.2) the ce l ls  containing 300 u/ml o f  l y s in  
had lo s t  most o f  t h e i r  ce l l  wal l  mater ia l and d i s to r t io n  o f  shape was 
apparent. Pieces o f  ce l l  wal l  material  appeared to have been removed 
from some ce l l  wal ls  and could be seen to be attached l i k e  s t r ings  to 
some of  the c e l l s .  A f te r  150 sec (Plate 2.3) extensive ly s is  was apparent, 
Vacuolation was also v i s i b le .  Protoplasts were c le a r ly  v i s i b l e .  ' 
Examination o f  over 30 f i e ld s  o f  view showed v i r t u a l l y  no c e l l  wal l  
material on c e l l s  at t h is  t ime. Occasional ly an apparently unaffected 
coccus was found. A micrograph (Plate 2.4") taken at higher magni f ica t ion 
during the course o f  the reaction shows CIO ce l ls  w i th  v i r t u a l l y  a l l  
the ce l l  wal l materia l absent. Some mater ia l ,  probably p a r t i a l l y  digested
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Table 2.12
Comparison o f  fC2(W) phage adsorption and s t ra in  
s e n s i t i v i t y  to  fC2(W) lys in
Stra in % Adsorption Relat ive s e n s i t i v i t y  to l y s in
C2 99 100
ML3 83 40
E8 14 193
ML8 27 100
DRC2 0 4
CIO 54 300
1249 37 200
SCI 0 122
Relat ive s e n s i t i v i t y  =
A c t i v i t y  o f  fC2 lys in  towards s t ra in  x 100 
A c t i v i t y  with freeze-dried C2 c e l l s
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Plate 2.1 Electronmicrograph showing the e f f e c t  o f  phage l y s in  on
c e l l s  o f  Str. lactis CIO
1 #
f
No phage l y s in  added. x 40,000
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Plate 2.2 Electronmicrograph showing the e f fe c t  o f  phage l y s in  on
c e l l s  o f  str. Zactis CIO
Cells were incubated w i th  300 u/ml o f  l y s in  f o r  30 s at 37°C,
X 23,000
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Plate 2.3 Electronmicrograph showing the e f fe c t  o f  phage l y s in  on
c e l l s  o f  str. lactis CIO
\
£
Cel ls  were incubated w i th  300 u/ml o f  l y s in  f o r  150 s at 37°C.
X 40,000
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Plate 2.4 Electronmicrograph showing the e f f e c t  o f  phage l y s in  on
c e l l s  o f  Str. lactis CIO
Cells were incubated w i th  300 u/ml o f  l y s in  fo r  150 s at 37°C.
X 50,000
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c e l l  wal l  m a te r ia l ,  i s  also c l e a r l y  v i s i b l e .  These r e s u l t s  show c l e a r l y
tha t  the c e l l  wa l l  i s  the s i t e  o f  ac t ion  o f  the fC2(W)-induced l y s in
and th a t  l y s in  ac t ion  removes the c e l l  wal l  c re a t ing  p ro to p la s ts .
Id e n t i f i c a t io n  o f  c e l l  wal l  l inkage attacked by fC2(W) l y s in
The c e l l .w a l l  o f  Gram-positive bacteria consists almost e n t i r e l y  
of  a hetropolymer ca l led  peptidoglycan or murein. This polymer contains 
chains o f  amino sugars cross l inked by peptides. To determine whether 
the l y t i c  enzyme was a glycosidase which hydrolyses l inkages between 
a l te rna t ing  amino sugars releasing reducing sugars, or  an amidase which 
attacks the l inkage between the amino sugar and peptide chains l i b e r a t in g  
free amino groups, or an endopeptidase which attacks the peptide chains 
also producing f ree  amino groups, ce l l  wal ls were incubated w i th  enzyme 
and samples were assayed to id e n t i f y  the chemical groups l ibe ra ted .
The resu l ts  obtained (Figure 2.17) reveal tha t  l y s is  o f  c e l l  wa l ls  is  
accompanied by the release o f  reducing sugars. The release o f  these 
compounds approximately pa ra l le ls  ce l l  wal l l y s i s .  No amino group release 
was detected. These resu l ts  c le a r ly  show tha t  the (f>C2(W)-induced enzyme 
is  a glycosidase. I t  is  o f  in te res t  to note tha t  the rate o f  CIO wall  
ly s is  occurred at  a considerably reduced rate compared wi th  tha t  of 
en t i re  ce l l s  o f  CIO. I f  CIO c e l l s ,  adjusted to a s im i la r  t u r b i d i t y ,  
were used in place o f  w a l ls ,  almost complete ly s is  had occurred a f t e r  
5 min incubation.
To determine whether the glycosidase was a muramidase which 
hydrolyses the n-acetylmuramyl-N-acetylgucosamine l inkage or a  
glucosaminidase which cleaves the N-acetylglucosaminyj-N-acetyl nuramic 
l inkage, the c e l l  wal l  d igest was reduced to convert the free end group 
released to the corresponding alcohol,  and analysed fo r  amino sugars 
and t h e i r  de r iva t ives  using an amino acid analyser. Before presenting
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Figure 2.17 Action of  p a r t i a l l y  p u r i f ie d  4C2(W) l y s in  
on c e l l  wal ls o f  str. lactis CIO
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the resu l ts  i t  is appropriate to comment on the chromatographic behaviour 
o f  standard amino sugars and t h e i r  de r iva t ives .  The chromatograph 
presented in Figure 2.18 is  a composite and was prepared from the 
chromatographs o f  ind iv idual  compounds. I t  is apparent tha t , th e  amino 
sugars and t h e i r  reduced der iva t ives  were well  resolved. I t  is  also 
noteworthy tha t  muramicitol gave an extremely low colour response compared 
wi th  the other standards. Because peptidoglycan also contains amino 
acids, samples o f  amino acids were also chromatographed with some amino 
sugar standard solu t ions. The re ten t ion  times o f  some ce l l  wal l  components 
and t h e i r  der ivat ives are shown in Table 2.13. Although glutamic acid 
and muramic acid and muramicitol and aspart ic  acid were resolved the 
re tent ion  times o f  each pa i r  were s im i la r .
Chromatography o f  the hydrolysed, reduced wall  lysates (Figures 
2.19 and 2.20) produced using method A (pi 13) revealed tha t  glucosamine 
leve ls  were s im i la r  in contro l and enzyme treated c e l ls  showing tha t  
the glucosamine l inkage was not attacked. This was confirmed by the 
f a i l u r e  to detect the formation o f  g lucosam in i to l . Muramic acid was 
not c le a r ly  detected in the hydrolysates o f  e i th e r  the control on enzyme 
treated lysate .  However, a 'shoulder'  was apparent on the glutamic 
acid peak of  the contro l lysate suggesting tha t  muramic acid was present.
V i r t u a l l y  no trace o f  'muramic ac id '  was found in the enzyme treated 
walls  and no evidence fo r  muramicitol was found in the contro l c e l l  w a l ls .  
However a hump was apparent at the s ta r t  of the aspart ic  acid peak 
(Figure 2.20) where muramicitol would be expected suggesting tha t  
muramicitol was present in the reduced, enzyme t reated,  ce l l  wal l  d igest .  
Further attempts to i d e n t i f y  the l inkage attacked using higher 
concentrat ions of  ce l l  wal ls  did not y ie ld  more d e f i n i t i v e  data.
Figure 2.18 Chromatographic behaviour o f  amino sugars and t h e i r  d e r iva t i ve s
on the J . L. amino acid analyser
Chromatogram is  a compositive prepared from the resu l ts  obtained from the 
chromatography o f  ind iv idua l  samples.
The concentrat ion of  compounds appl ied was as fo l lows:  N-acetyl-D-muramic
acid , 0.21 pM; N-acetyl-D-glucosamine, 0.16 pM; muramic i to l ,  2.1 pM and 
g lucosam ic i to l , 1.6 pM.
Mur, muramic acid
Gla, glucosamine
Mur-OH, muramicitol 
Gla-OH, glucosamicitol
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Table 2.13
Retention times o f  some c e l l  wal l  components and th e i r  der iva t ives 
on the J. L. Amino Acid Analyser
Compound Retention time (min)
muramicitol 65
aspart ic  acid 67.5
muramic acid 94
glutamic acid 97.5
glucosamine 252.5
glucosamicitol 279.3
The amino acid analyser was operated under the normal condit ions 
f o r  amino acid analysis except tha t  a temperature of  45°C was used 
and the bu f fe r  was changed from pH 3.25 to pH 4.25 at 110 min.
Figure 2.19 Chromatogram showing amino sugars, amino sugar d e r iva t i ve s
and amino acids in  c e l l  wa l ls  o f  str. lactis CIO
Cell wal ls  were hydrolysed using Method A in  Methods. Concentration o f  
c e l l  wal ls used fo r  analysis was equivalent  to 1 . 0  mg/ml
Asp, aspart ic  acid 
Glu, glutamic acid 
Ala, alanine 
Gla, glucosamine
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Figure 2.20 Chromatogram showing amino sugars, amino sugar der iva t ives 
and amino acids in ce l l  wal ls o f  Stv, laotis CIO incubated wi th «t>C2(W)-induced 
ly s in
Cells wal ls were hydrolysed using Method A in  Methods. Concentration o f  c e l l  
wal ls used was 1 . 0  mg/ml.
167
e n
-P*
e n
en
o
e n
e n
ro
o
e nO
en
e n
00O
ro
o
r o
ro
e n
r o
e n
en
CD
ro
o
r o
00
en
o
r o e n
IQ
c
“S
fD
r o
*ro
o
168
The fa c t  tha t  muramicitol could not be c lea r ly  detected in the 
previous experiment was not t o a l l y  unexpected in view of  the poor colour  
response of  the standard (see Figure 2.18). That muramic acid was not 
c le a r ly  id e n t i f i a b le  was unexpected since Tsugita et al, (1968) who 
used a s im i la r  methodology did not report d i f f i c u l t i e s  in the determination 
of  th is  amino sugar. Since muramic acid is a f a i r l y  unstable compound 
the p o s s ib i l i t y  tha t  muramic acid was degraded during hydro lys is  was 
considered. The resu l ts  o f  experiments in which muramic acid was held 
in 6 M acid at 110°C fo r  various times (Figure 2.21) showed tha t  muramic 
acid was unstable under the hydrolysis condit ions used in the previous 
experiment. These resu l ts  suggested tha t  i t  might be possible to 
demonstrate more c le a r l y  the presence of  muramic acid by using less 
severe hydrolysis condi t ions than those used prev iously.
Chromatography of  reduced enzyme treated and contro l c e l l  wal ls  
hydrolysed by method C (pi 13) revealed the presence of  muramic acid 
in control c e l l  wal ls  (Figure 2.22) and only a s l i g h t  trace o f  th is  
amino compound in enzyme treated ce l l  wal ls (Figure 2.23). D e f in i t i v e  
evidence tha t  ^C2(W) lys in  was a n-acetylmuramidase requires the 
disappearance o f  muramic acid to be balanced by the production o f  the 
reduced product, muramic ito l.  Unfortunately i t  was not possible to 
determine whether muramicitol was produced because an un ide n t i f ied  
substance(s) was/were present in the posi t ion where the alcohol would 
be expected in both contro l  and enzyme treated cel l, w a l ls .  This mater ia l 
was probably a peptide or peptides which would have been hydrolysed 
i f  more extreme hydrolysis condit ions had been used. As in the previous 
experiment no evidence fo r  a reduction in the glucosamine content o f  
enzyme treated c e l l s  nor the production of glucosamicitol was found.
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Figure 2.21 E f fec t  of holding muramic acid in 6 M 
hydrochloric  acid at 110°C on the concentrat ion o f  muramic 
acid remaining
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Samples o f  N-acetyl-muramic acid (0.8 mg) were' hydrolysed in 6 M 
HCl and analysed fo r  muramic acid at the times shown using the 
amino acid analyser. The peak area o f  each sample was ca lcu la ted 
and is  expressed as a percentage o f  the zero time peak volume to 
give the percentage muramic acid remaining
Figure 2.22 Amino sugars, amino acids and amino sugar d e r iv a t i v e s  in  c e l l
wal ls  o f  Stv. Zact'ts CIO
Cell wal ls were hydrolysed using Method C in Methods. Concentration o f  ce l l  
wal ls used was 0.53 mg/ml.
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Figure 2.23 Amino sugars, amino acids and amino sugar de r iva t ives  in  c e l l
walls o f  Str. lactls CIO incubated w ith <})C2(W)-induced ly s in
Cell walls were hydrolysed using Method C in  Methods. Concentration o f  ce l l  
walls used fo r  analysis was 1 . 0  mg/ml.
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The q u a n t ita t ive  a n a ly t ica l data fo r  the various c e l l  wall constituents  
or t h e i r  d e r iva t ive s ,  w ith  the exception o f ly s in e , obtained using the 
various hydro lys is methods are shown in  Table 2.14. These resu lts  show 
th a t the glucosamine leve ls in enzyme treated and contro l c e l l  walls 
are s im i la r .  I t  is  also apparent th a t the muramic acid content o f  enzyme- 
trea ted walls is  considerably reduced compared w ith  contro l w a lls . The 
d i f fe re n t  hydro lys is  conditions also a ffected the concentration o f 
glucosamine and amino acids detected. In p a r t ic u la r  higher leve ls  o f 
glucosamine were obtained i f  l im i te d  time and low a c id i ty  hydrolysis 
conditions were used. The c e l l  w a lls  o f str, Zact'ts CIO contain the 
amino acids alanine, glutamic acid and alanine and most probably an 
u n id e n t i f ie d  basic amino acid which would not have been found under 
the a n a ly t ica l conditions used in these experiments.
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DISCUSSION
The l y t i c  agent present in  fC2(W) lysates was iso la ted by ion 
exchange chromatography and was fu r th e r  p u r i f ie d  by processes in vo lv in g  
one or more o f the fo l lo w in g , ammonium sulphate p re c ip i ta t io n ,  gel 
f i l t r a t i o n  and u l t r a f i l t r a t i o n .  The cha rac te r isa t ion  studies established 
th a t the l y t i c  agent was a basic substance which had s im i la r  properties 
to phage-induced l y t i c  enzymes prev ious ly  described fo r  la c t ic  s treptococci 
(R e ite r and Oram, 1953; Oram and R e ite r, 1965; T o u rv i l le  and Johnstone, 
1966; T o u rv i l le  and Tokuda, 1967) and other bac te r ia l groups (Tsug ita ,
1971).
L y t ic  a c t iv i t y  could not be resolved in to  more than one component 
on the basis o f b a s ic ity  or molecular geometry. This f ind ing  and the 
high recovery o f l y t i c  a c t i v i t y  during p u r i f ic a t io n  suggests but does 
not prove th a t only one l y t i c  enzyme is  present in 4^ 2 (W) lysates.
Although appreciable p u r i f ic a t io n  and phage removal were obtained 
by the is o la t io n  methods, p u r i f ie d  ly s in  preparations contained high 
leve ls  o f  phage. This has also been found by others (Oram and R e ite r ,
1965; T o u rv i l le  and Tokuda, 1967). I f  a method can be found to e lu te  
ly s in  from the dye ligand Green A, then the production o f phage-free, 
ly s in  preparations may be a t ta in a b le .  Phage leve ls in p u r i f ie d  enzyme 
preparations could probably be d ram atica lly  reduced by u l t ra c e n tr i fu g a t io n  
(T o u rv i l le  and Tokuda, 1967). Since many phage lys ins  do not react 
w ith  antiserum produced against the phage (Tsugita , 1971) the add it ion  
o f  phage antiserum to ly s in  preparations and the removal o f  the phage- 
antibody complex by c e n tr i fu g a t io n  may also have value as a method fo r  
reducing the concentration o f phage in ly s in  preparations. In th is  
context i t  may be convenient to couple the antibody to a su itab le  m atrix  
material e.g. glass beads and to use negative chromatography.
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P urif ied  la c t ic  streptococcal phage lys ins have been reported 
to be unstable (Oram and R e ite r ,  1965; T o u rv i l le  and Tokuda, 1967) 
and the data obtained fo r  #C2(W) ly s in  supports these f ind ings . 
Nevertheless good s t a b i l i t y  o f  crude enzyme preparations obtained by 
ion exchange chromatography was found and l i t t l e  loss of a c t i v i t y  was 
found in  h igh ly  p u r i f ie d  preparations held at -30°C over a 2^-year period
In common w ith  many other phage ly s in s ,  fC2(W) lys in  was activa ted 
by cations. The a c t iv a t io n  o f la c t ic  streptococcal phage lys in s  by 
Ca^^ and Mg** has been reported p rev ious ly  (Oram and R eite r, 1965; 
T o u rv i l le  and Tokuda, 1967) but th is  is  the f i r s t  report o f a c t iv a t io n  
by Co** and Mn**., The a c t iv a t io n  o f  la c t ic  streptococcal phage lys ins
by d iva len t cations is  in  con trast to the marked in h ib i t io n  o f  a group 
C streptococcal phage ly s in  by d iva le n t cations (Mg**, Ca**, Fe**, Mn**, 
o r Cu**) reported by Barkulis et al. (1964). The fC2(W) ly s in ,  however, 
d i f fe re d  q u a l i ta t iv e ly  and quan tit i v e l y  from other Group N streptococcal 
phage lys ins  in  i t s  response to  ca tions. Lower concentrations o f  Na*,
K*, Ca** and Mg** were required fo r  maximum l y t i c  a c t iv i t y  (0 .1 , 0 .1 , 
0.005 and 0.005 M re sp e c t ive ly )  compared with'4>ML3 ly s in .  Oram (1964) 
and Oram and Reite r (1965) reported th a t 4>ML3 ly s in  demonstrated maximum 
a c t i v i t y  w ith  0.15 M concentrations o f  Na* and K* and 0.01 M 
concentrations o f  Ca** and Mg**. Considerably higher concentrations 
o f monovalent than d iv a le n t cations were required fo r  maximum l y t i c  
a c t i v i t y  fo r  fC2(W) ly s in  and 4ML3 ly s in  (Oram and R eite r, 1965).
S im ila r f ind ings  have been reported by Jensen and Kleppe (1972) and 
by Welker (1967) fo r  T4 phage lysozyme and TP-1 l y t i c  enzyme respective ly , 
In contrast T o u rv i l le  and Tokuda (1967) found tha t <})C10 ly s in  required 
higher concentrations o f  Ca** than e i th e r  Na* or L i*  fo r  maximum 
a c t i v i t y .
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Oram and Reiter (1965) stated th a t high concentrations o f d iv a le n t 
cations were less in h ib i to ry  than monovalent cations. High concentrations 
(0.4 M) o f calcium ch lo r ide  or magnésium ch lo ride  were reported not 
to in h ib i t  the fC2 and 4^10 lys in s  studied by T o u rv i l le  and Tokuda (1967). 
In contrast the fC2(W) ly s in  was markedly in h ib ite d  by Co**, Ca** and 
Mn** concentrations s l ig h t ly  in excess o f  the leve ls  required fo r  maximum 
a c t iv a t io n .  Magnesium ions, however, were markedly less in h ib i to r y .
The response o f ^C2(W) ly s in  to a c t iv a t io n  by Mg** and Mn** is  in 
accordance w ith the observation o f  Dixon and Webb (1964) who reported 
' th a t  in enzymes which are activa ted  by both Mg** and Mn**, a c t iv a t io n  
and in h ib i t io n  are both shown a t much lower concentrations o f Mn** than 
Mg**'. Since the e f fe c t  o f  ions on enzyme a c t iva t io n  may be dependant 
on the age and p u r i ty  o f  the preparation used (Dixon and Webb, 1964) 
caution should be exercised in  comparing the e ffec ts  o f cations on the 
a c t iv i t y  o f p a r t ia l l y  p u r i f ie d  enzymes.
The mechanisms involved in the a c t iv a t io n  o f  la c t ic  streptococcal 
phage lysins. by cations have not been studied. Possible mechanisms 
involved in  enzyme a c t iv a t io n  by cations genera lly  have been reviewed 
(Dixon and Webb, 1964). Since phage lys ins  are h igh ly  basic prote ins 
(net po s it ive  charge) i t  is  u n l ik e ly  th a t cations act as binding l in k s  
between enzyme and substrate combining w ith  both and so holding the 
substrate at the ac tive  centre o f  the enzyme. A c tiva t ion  by Na* and 
K* would be d i f f i c u l t  to exp la in i f  th is  mechanism were involved.
Bacteria l c e l l  walls are e la s t ic  s truc tures which shrink and swell in  
response to changes in the io n ic  strength or pH o f the environment (Ou 
and Marquis, 1970). One explanation fo r  the e f fe c t  o f cations on 
a c t iva t io n  is  th a t they induce the peptidoglycan to undergo conformational 
changes which expose susceptib le  linkages in the correct o r ie n ta t io n  
fo r  hyd ro ly t ic  cleavage. For th is  hypothesis to be evaluated a substrate
177
which does not e x h ib i t  electromechanical properties is  required. The 
is o la t io n  o f disaccharides composed o f muramic acid and glucosamine 
might y ie ld  a su itab le  substrate fo r  such studies.
The 4"C2(W) ly s in  had a s im i la r  pH fo r  optimum l y t i c  a c t i v i t y  to 
fML3 lys in  (Oram and R e ite r ,  1965) but d i f fe re d  s ig n i f ic a n t ly  from the 
4>C2 and 4^10 ly s in s ,  studied by T o u rv i l le  and Tokuda (1967), which 
demonstrated maximum l y t i c  a c t i v i t y  a t pH 6-6.5.
The in a c t iv a t io n  o f la c t ic  streptococcal phage lys ins  by mild 
heat treatment has been described previously (Naylor and Czulak, 1956;
Oram and R e ite r, 1965; T o u rv i l le  and Tokuda, 1967). The re su lts  o f 
th is  study provide fu r th e r  evidence fo r  the d iffe rence  in  the thermal 
s t a b i l i t y  o f  la c t ic  streptococcal phage lys ins  and phage. The heat 
l a b i l i t y  o f 4»C2(W) ly s in  and other la c t ic  streptococcal phage lys ins  
is  in  marked contrast to the heat s t a b i l i t y  o f  some lysozyme type enzymes 
(Jolies et al, y 1966; E i te n m il le r ,  Friend and S h a h a n i,1975). Bovine 
m ilk  lysozyme, fo r  example, lo s t  only 43% o f i t s  a c t iv i t y  a f te r  20 min 
a t  100°C (pH 4 .0 ) .  The thermal l a b i l i t y  o f la c t ic  streptococcal phage 
lys ins  may explain why e a r ly  studies o f the nascent phage phenomenon 
did not f in d  evidence fo r  a l y t i c  agent other than p a r t icu la te  phage 
(C o l l in s ,  1952a; Whitehead et al., 1952; Whitehead et al., 1953).
C o llins  (1952a) investiga ted a phage which produced a nascent type reaction  
and attempted to  determine whether the in h ib i t io n  observed w ith  phage 
lysates was due to  phage per se or to another in h ib i to r .  . Since both 
phage and the a b i l i t y  o f  phage lysates to i n h ib i t  non-homologous hosts 
were lo s t  a f te r  steaming fo r  3-4 min i t  was concluded tha t phage was 
d i re c t ly  involved in the in h ib i to ry  process. Whitehead et al. (1952) 
came to a s im i la r  conclusion which was p a r t ia l l y  based on the observation 
tha t both phage and the in h ib i to ry  agent present in a phage lysa te  were
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destroyed by a heat treatment o f  56°C fo r  5 min at pH 5. I t  is  h igh ly  
probable th a t both these heat treatments would have destroyed phage 
lys in s . Hence i t  is  possib le tha t the nascent phage phenomenon observed 
by early  inve s t iga to rs  was due to phage lys ins .
The Q-|q and Ea values found in  the present study fo r  fC2(W)-induced
ly s in  were s ig n i f ic a n t ly  lower than values reported fo r  other la c t ic  
streptococcal phage lys in s  (Oram and R e ite r, 1965; T o u rv i l le  and Tokuda, 
1967). Both groups reported d i f fe re n t  values fo r  phages ac tive  against 
Stv. lactis C2. Since Ea and Q-jq values are c h a ra c te r is t ic  o f  the enzyme 
and not the substrate (Dixon and Webb, 1964) i t  is  h igh ly l i k e l y  tha t 
t/)C2(W), <#>C2 (T o u rv i l le  and Tokuda, 1967) and #ML3 (Oram and R e ite r ,
1965) lys ins  are d i f fe r e n t  and also suggests tha t Ea and Q-|q values 
may have a ro le  in  the d i f fe r e n t ia t io n  o f lysin-producing la c t ic  
streptococcal bacteriophages.
The re su lts  o f  th is  and other studies (Oram and R e ite r, 1965; 
T o u rv i l le  and Tokuda, 1967) suggest th a t la c t ic  streptococcal phage 
lys ins  in  common w ith  many other phage lys ins  (see references o f  Tsugita,
1971) have a sulphydryl group or groups which is /a re  essentia l fo r  l y t i c  
a c t iv i t y .
Unlike a Group C streptococcal phage lys in  (Maxted, 1957; Doughty
and Hayashi, 1962), the l y t i c  a c t i v i t y  o f 4^2(W) ly s in  was not
s ig n i f ic a n t ly  a ffec ted  by reducing agents. In th is  con text, the data 
from th is  study are in agreement w ith  the resu lts  o f Oram and Reite r 
(1965) and T o u rv i l le  and Tokuda (1967). The response o f  Group N 
streptococcal phage lys in s  to reducing agents also appears to  d i f f e r  
from a Group D streptococcal phage ly s in  which was inac tive  in the 
absence o f reducing agents and required 0.7 M cysteine fo r  optimal 
a c t iv i t y  (B leiweis and Zimmerman, 1961).
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The s e n s i t iv i t y  o f  hen egg lysozyme to in h ib i t io n  by n -a c e ty l-  
muramic acid and n-acetylglucosamine has been suggested as a possib le 
con tr ibu to ry  fa c to r  in  the in s e n s i t iv i t y  o f certa in  bacteria  to ly s is  
by th is  enzyme (Rogosa, 1970). The in s e n s i t iv i t y  o f fC2(W)-induced 
ly s in  to in h ib i t io n  by both these amino sugars may co n tr ib u te , a t leas t 
in  p a rt ,  to i t s  rapid l y t i c  a c t i v i t y  towards sens it ive  la c t ic  s treptococci 
The reaction o f 4^2(W) ly s in  d i f fe re d  from th a t o f T4 lysozyme to  r iv a n o l.  
Tsugita et at. (1968) successfu lly  used th is  compound to p re c ip i ta te  
DNA and ac id ic  pro te ins during the p u r i f ic a t io n  o f T4 lysozyme. Unlike 
the g. colt phage enzyme the streptococcal phage ly s in  was in h ib i te d  
by r iv a n o l .
The molecular weights o f phage lys ins  produced by phages ac tive  
against E. colt (Inouye and Tsug ita , 1968; Moo-Penn and Wiesmeyer,
1969; Tsugita, 1971; Tsugita and Inouye, 1968), Pseudomonas aeruginosa 
(Bartel 1, Orr and Lam, 1966), a group C streptococcus (Barku lis  et al,, 
1964) and str. lactts (Oram,. 1964; T o u rv i l le  and Tokuda, 1967) have 
been reported. The phage lys ins  produced by phages fo r  E. colt were 
o f low molecular weight, <19,000. Whereas, the lys ins produced by the 
streptococcal phages had molecular weights in excess o f 2 0 0 ,0 0 0  dal tons. 
The ly s in  produced by the pseudomonas phage was reported to have a 
molecular weight o f  180,000 dal tons.
I f  phage ly s in  was associated w ith  phage components e.g. t a i l  
fragments or t a i l  f ib re s  as found in a T2 ly s in  preparation by Katz 
(1964), molecular weight determinations could give erroneously high 
estimates o f molecular weight. In th is  context some studies by Oram
(1964) w ith 4ML3 ly s in  are p a r t ic u la r ly  in te re s t in g . Oram found th a t  
the phage ly s in  was in h ib i te d  by an ti serum prepared against p u r i f ie d  
p a r t ic le s  o f the producing phage. This data suggests th a t  <f>ML3 ly s in
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may be associated w ith  phage components. I f  th is  is  so, i t  is  possib le 
tha t the pure ly s in  may have a lower molecular weight than the value 
reported by Oram (1964). The ^C2(W) ly s in  appeared to be free  from 
contamination by phage components when studied by e lectron microscopy.
I f  th is  is  so, then the molecular weight estimate obtained in th is  
inve s t iga t io n  is  probably w ith in  the e rro r l im i ts  o f the gel f i l t r a t i o n  
technique. Andrews (1964) has reported th a t determinations by th is  
method give molecular weight estimates w ith  ± 10% o f the actual value.
The (J>C2(W) ly s in  was found to lyse only streptococci belonging 
to Groups N and D. S tra ins o f leuconstoc , str. thermophilus, Str. 
dysgalacttae (group C), Laot. buZgartaus, Lact. fermentt and E. cott 
were not lysed. The c lass ica l lysozyme substrate Mtorococcus lysodetkttcus 
was not lysed e i th e r .  The l y t i c  a c t i v i t y  o f la c t ic  streptococcal phage 
lys ins  towards group D streptococci has been reported prev ious ly  (Oram 
and Reite r, 1965) and is  confirmed by th is  work. This is  the f i r s t  
report (to the best o f my knowledge) concerning the fa i lu r e  o f  Group 
N streptococcal phage ly s in  to lyse s tra ins  o f la c to bac i11i , str. 
thermophilus and leuconstoc.
A ll  s tra in s  o f  Group N streptococci studied were lysed. The wide 
l y t i c  range o f phage ly s in  compared w ith  the re la t iv e ly  narrow l y t i c  
spectrum o f p a r t ic u la te  phage provides add itiona l evidence fo r  the ro le  
o f  lys ins  in  the nascent phage phenomenon generally (see also T o u rv i l le  
and Tokuda, 1967) and in  the involvement o f ly s in  in  the in h ib i t io n  
o f acid production found when ce r ta in  pa ire d -s tra in  cu ltu res were in fec ted  
w ith  fC2(W) (p42). Strain-dependant d ifferences in the ly s is  o f  Group 
N streptococci were found and confirm  the f ind ings  o f Oram and R eite r
(1965) and T o u rv i l le  and Tokuda (1967).
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The ly s in  s e n s i t i v i t y  o f  the components o f the p a ire d -s tra in  cu ltu res  
used to demonstrate the nascent e ffe c ts  o f fC2(W) (pW^L) corre la tes  
well w ith  the in h ib i t io n  o f acid production found in  fC2(W)-infected 
cu ltu res . Cultures which demonstrated l i t t l e  acid production when 
infected w ith fC2(W) e.g. C2+C10 contained component s tra in s  which were 
h igh ly  se n s it ive  to ly s in .  Conversely the two cultu res which showed 
l i t t l e  in h ib i t io n  o f  acid production i .e .  AM2+C2 and US3+C2 contained 
component s tra in s  which were r e la t iv e ly  insens it ive  to phage ly s in .
The commercial s ign if ica nce  o f these find ings have been discussed 
previously (p90).
Unlike fClO ly s in  (T o u rv i l le  and Tokuda, 1967), fC2(W) and 0ML3 
(Oram and R e ite r ,  1965) lys ins  fa i le d  to lyse Miovococous lysodetkticus.
The l y t i c  reaction  o f  streptococcal phage lysins towards th is  organism 
may therefore be useful in t h e i r  d i f fe re n t ia t io n  and, in d i r e c t ly ,  in 
the d i f fe re n t ia t io n  o f  lys in-p roducing phages.
The chemical and/or stereochemical factors which determine whether 
a p a r t ic u la r  phage ly s in  lyses one bacte r ia l species while  not lys ing  
another are not well understood.
D ifferences in peptidoglycan s truc tu re  may be important. Such 
d ifferences would be expected to influence whether or not the ly s in  
sens it ive  bond was accessible and/or in the correct po s it ion  fo r  cleavage. 
I f  th is  is  so, then s tru c tu ra l s im i la r i t ie s  would be expected between 
the peptidoglycans o f Group N streptococci and those o f the three species 
o f Group D streptococc i lysed by the phage ly s in .  Conversely d iffe rences 
in s truc tu re  would be expected between the peptidoglycan o f  Group N 
streptococci and species which were not lysed e.g. str. thermophilus.
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The three dimentional s tru c tu re  o f the peptidoglycan o f members 
o f the genus Streptococcus has not been determined. However, de ta iled  
information is  ava ilab le  concerning the chemical s tru c tu re  o f  peptido­
glycan types present in  th is  genus (S ch le ife r and Kandler, 1972). Two 
types o f peptidoglycan have been reported in Group N s trep tococc i.  The 
f i r s t  type contains the peptide L-a lan ine-D -g lu tam ine-L-lys in-D -a lan ine 
linked to muramic acid . In th is  type, the peptide is cross linked  by 
D-icjoasparaeine between L - lys in e  a t and D-alanine a t on adjacent 
chains. In the second type, the crossbridge d i f fe rs  in th a t i t  is  formed 
by the d ipeptide  L -a lany l-L -th reon ine  (S ch le ife r and Kandler, 1957). 
However, the s tra in s  used to derive the la t t e r  type were probably 
in c o r re c t ly  c la s s i f ie d  (S ch le ife r  and Kandler, 1972) and i t  is  h igh ly  
probable th a t the f i r s t  type represents the peptidoglycan present in 
the Group N s trep tococc i.  Of the species studied only str. faeolum 
and str. durans possessed th is  type o f  peptidoglycan (S ch le ife ra n d  Kandler,
1972). Since s tra in s  o f these species were lysed, a re la t io n s h ip  between 
the chemical s tru c tu re  o f  a peptidoglycan and i t s  s u s c e p t ib i l i t y  to 
ly s is  by, fC2(W) ly s in  may e x is t .  However, Sdr. faecalis which was also 
lysed, has a peptidoglycan o f id e n t ica l chemical s tru c tu re  to  str. 
thermophilus which has not lysed. The peptidoglycan o f  both species 
is s im i la r  to tha t in  the species discussed prev ious ly  except fo r  the 
possession o f  a d i f fe r e n t  in te rpep tide  crosslinkage - the t r ip e p t id e  
o f 1-a lan ine . In fa c t  the chemical s tructure  o f the peptidoglycan o f 
the members o f  the genus Streptococcus studied by the author fo r  
s e n s i t iv i t y  to ly s in  is  s im i la r  to tha t o f the Group N streptococci 
apart from d iffe rences in  in te rpeptide  crosslinks (S ch le ife r  and Kandler,
1972). Consequently in s u f f ic ie n t  information is  ava ilab le  to- re la te  
the s u s c e p t ib i l i t y  o f  a species to ly s is  by phage ly s in  and the chemical 
s truc tu re  o f i t s  peptidoglycan.
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Although the chemical and u lt im a te ly  the three dimensional s tru c tu re  
o f peptidoglycan must in fluence the s e n s i t iv i t y  o f a s t ra in  or a p a r t ic u la r  
species to phage ly s in ,  the nature o f the non-peptidoglycan components 
may also be important. The nature o f thfe non-peptidoglycan components 
influences the s e n s i t i v i t y  o f  c e l l  walls to hen egg lysozyme and may 
also in fluence s e n s i t iv i t y  to phage lys ins . Resistance to  lysozyme 
has been a t t r ib u te d  to  the attachment to the peptidoglycan o f polymers 
such as techoic acid (Mandelstam and Strominger, 1961) or polysaccharide 
(Krause and McCarty, 1961). Much simpler constituents  attached to  amino 
sugar constituen ts  fo r  example, can also influence the s e n s i t iv i t y  o f  
c e l l  walls to  lysozyme and to phage lys in s . Acetyl groups este r linked 
(0-acetyl groups) to the peptidoglycan in some s tra ins  o f  M. lysodeikticus 
have been shown to  prevent the action o f hen egg lysozyme (B ru m fit t  
et al. y 1958; Logardt and Neujahr, 1975) and phage N1 ly s in  (B ru m f i t t ,  
1960). Ghuysen et al. (1966) have suggested th a t some l y t i c  enzymes 
have s t r i c t  substrate requirements w ith respect to the size o f  the polymer, 
the extent o f c ro s s l in k in g ,  the net e le c t r ic a l  charge in ad d it ion  to 
other unspecified requirements. I t  is not there fore  unreasonable th a t 
<|)C2(W) and o ther phage-induced lys ins  have s im i la r  substrate requirements.
In a p re l im ina ry  communication Reiter and Oram (1963) reported 
tha t phage and ly s in  competed fo r  adsorption s ite s  th a t were e i th e r  
ide n tica l or very c lose ly  l inked . The basis fo r  th is  statement was 
the observation th a t the add it ion  o f  increasing m u l t ip l i c i t ie s  o f  phage 
to TML3 ly s in  preparations resulted in a progressive in h ib i t io n  o f  ly s is  
by the l y t i c  enzyme. I f  th is  is  so then i t  can be argued th a t ly s in  
should not a ttack  a s t ra in  which does not possess receptor s i te s  fo r  
the lys in -p roducing phage. Also, a re la t ion sh ip  between ly s in  
s e n s i t iv i t y  and the number o f phage receptor s ites  on a c e l l  might also 
be expected. T o u rv i l le  and Tokuda (1967) attempted to explain the
184
differences in s e n s i t i v i t y  o f various la c t ic  streptococci to  two phage 
lys ins  on the basis tha t both phage and lys in  attacked the same receptor 
s i te  and in fe rre d  th a t s t ra in  s e n s i t iv i t y  d iffe rences may be re la ted 
to the possession or absence o f  phage and hence ly s in  receptor s ite s  
on non-homologous s tra in s .
The r e s u l ts .o f  th is  study show tha t the phage ly s in  lysed s tra in s  
which did not absorb or poorly absorbed 4€ 2 (W) and showed e i th e r  high 
or low l y t i c  a c t i v i t y  towards s tra ins  which adsorbed the phage a t high 
e f f ic ie n c y .  No evidence was therefore found tha t phage and ly s in  competed 
fo r  s im i la r  reaction  s i te s .  Furthermore the add it ion  o f high m u l t ip l i c i t ie s  
o f fC2(W) to  phage ly s in  did not in h ib i t  l y t i c  a c t i v i t y .  These re su lts  
agree w ith  work by Oram and Reiter (1965) who reported th a t  the in h ib i t io n  
o f l y t i c  a c t i v i t y  found in  th e i r  e a r l ie r  communication (R e ite r and Oram, 
1963) was not due to  phage but to an unknown ly s is  in h ib i t o r  th a t was 
present in  crude phage lysates. D e f in i t iv e  evidence fo r  a ly s in  in h ib i t o r  
present in  lysates o f  ^C2(W) was not found in  the present study. I t  
is  possible th a t the increase in l y t i c  a c t iv i t y  frequen tly  found during 
ly s in  p u r i f ic a t io n  was due to  the removal o f a l y t i c  in h ib i t o r .  The 
basic substance iso la ted  from fC2(W) lysates which was o r ig in a l ly  suspected 
o f  being a ly s is  in h ib i t o r  is  probably n is in  (Hurst, 1973; Hurst,
1978). N is in is  a h ig h ly  basic polypeptide which is  produced by str. 
lactis s t ra in s .  I t  is  v i r t u a l l y  inso lub le  at pH values close to n e u t ra l i t y
and demonstrates an tim ic rob ia l a c t i v i t y  against Gram-positive bac te r ia .
’
U l t ra s t ru c tu ra l  studies were used to confirm th a t the c e l l  wall 
was the s i te  o f  action o f  the phage enzyme. The e n t ire  c e l l  surface 
appeared to  be re a d i ly  accessible to ly s in  action and no evidence was 
found to  suggest tha t, the enzyme attacked only s p e c if ic  areas as would 
be expected i f  ly s in  ju s t  attacked phage receptor s i te s .  The e lec tron
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micrographs obtained were s im i la r  to some published by Siegel et al.
(1981) who studied the action o f  mutanolysin on str. mutans. However, 
the phage ly s in  was d ram a tica lly  more e f fe c t iv e  at removing the c e l l  
walls  o f str. lactis CIO than mutanolysin was fo r  str. mutans. The 
^C2(W) enzyme gave a s im i la r  degree o f wall removal in 100s, to th a t 
obtained w ith  mutanolysin in  15-30 min (see Figure 2 o f Siegel et al.,
1981). The e ffec tiveness w ith  which phage ly s in  removed the c e l l  walls 
o f  sens it ive  s treptococc i helps to explain fu r th e r  the in h ib i t io n  o f  
acid production in  milk-based media and the in h ib i t io n  o f growth or 
c e l l  ly s is  found in  broth when certa in  paired or m u l t i - s t r a in  cu ltu res 
were in fec ted  w ith  fC2(W) - see Chapter 1; the host s t ra in  produced 
ly s in ,  which removed the c e l l  wall o f phage-resistant component s t ra in s ,  
creating p ro top las ts . Acid production and growth were in h ib i te d ,  and 
c e l l  ly s is  which was observed by a reduction in absorbance in  broth 
media (p ; ;  ) occurred because the protoplasts lysed and died in the 
non-iso ton ic environment.
Further evidence th a t the c e l l  wall was the s i te  o f  ac tion  o f 
the <j>C2(W) ly s in  was obtained from the ly s is  o f  p u r i f ie d  c e l l  w a lls  
by the phage ly s in .
The phage ly s in  was shown to be s im ila r  to both ^ML3 ly s in  (Oram 
and R e ite r ,  1965) and the group C streptococcal ly s in  studied by Barku lis  
et al. (1964) in  tha t i t  attacked amino sugar linkages in  the peptidoglycan. 
Unlike the group C ly s in ,  fC2(W) ly s in  was not a, N-acetylglycosidase and 
by inference is  an N-acetylmuramidase. Proof th a t an enzyme is  a muramidase 
would be provided i f  i t s  action resu lts  in a reduction o f  the muramic 
acid content o f  s u i ta b ly  treated c e l l  walls and the production o f  
muramicito l. An apparent reduction in the muramic acid concentration 
was found but the presence o f  muramicitol in  reduced enzymic d igests
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was not unequivocally proven. Nevertheless the demonstration th a t the 
enzyme was a glycosidase, th a t the glucosamine linkage was not cleaved, 
combined w ith  the suggestion th a t  muramicitol was present in reduced 
enzyme treated wall d igests are consis tent w ith  the ly s in  being an 
n-acetylmuramidase.
The fa i lu re  to demonstrate unequivocally th a t the ly s in  was a 
muramidase was due to the i n a b i l i t y  o f the a n a ly t ica l technique used 
to  adequately resolve muramic acid and glutamic ac id , and aspartic  acid 
and m uram ic ito l, the poor co lour response o f  the m uram ic ito l-n inhydrin  
compound and the l a b i l i t y  o f  muramic acid during hydro lys is . That 
the m uram ic ito l-n inhydrin  complex gives a very low colour response in  
the amino acid analyser has been reported (Tsugita et at. y 1968). Although 
the previous workers used a s im i la r  a n a ly t ica l technique they did not 
report d i f f i c u l t i e s  in the separation o f the amino sugars and th e i r  
de r iva t ive s  from aspartic  acid and glutamic acid or problems in the 
determ ination o f muramic ac id . In view o f our experience (Mullan and 
Manson, unpublished in fo rm ation) the re su lts  o f  Tsugita et al. (1968) 
are d i f f i c u l t  to explain and fu r th e r  work is  suggested.
Cell w a lls  are also degraded by a u to ly t ic  enzymes. A u to ly t ic  
enzymes o f  streptococci o f  Groups N and D have been iso la ted  and 
characterised recen tly . I t  is  o f  in te re s t  to compare the properties 
o f  the streptococcal au to lys ins w ith  the fC2(W)-induced ly s in .  The 
au to lys in  o f str. faecalis is  l i k e  fML3 ly s in  and probably fC2(W) l y s in .  
a muramidase (Shockman, Thompson and Conover, 1967). However, 
p a r t ia l l y  p u r i f ie d  a u to lys in , un like  the la c t ic  streptococcal phage 
ly s in s ,  does not require reduced sulphydryl groups fo r  a c t i v i t y .  A 
fu r th e r  d if fe rence  between ^C2(W) ly s in  and the str. faecalis au to lys in  
is  th a t the la t t e r  is  in h ib i te d  by nanomolar concentrations o f c a rd io l ip in
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(Cleveland et al. y 1975; Cleveland et al. y 1976; Shungu et al. y  1980) 
whereas the former is not a ffec ted . The au to lys ins o f  some str. cvemoris 
s tra ins  have been studied by Mou, Su ll ivan  and dago (1976). A pH optimum 
between 6.5 and 7.0 was reported fo r  one s tra in  and a value between 
6.0 and 6.5 was reported fo r  a second s t ra in .  The e f fe c t  o f temperature 
on the a u to ly t ic  a c t iv i t y  o f  two s tra in s  was studied. Both s tra ins  
demonstrated a high ra te o f  a u to ly t ic  a c t i v i t y  at 45°C. This is  in 
marked con trast to the response o f  4>C2(W) ly s in  or to and 4^10
lys ins  (Oram and R e ite r, 1965) a t these temperatures; a l l  three enzymes 
are inac tiva ted  a t th is  temperature. Unlike the phage ly s in s ,  the 
au to lys ins o f  two Str. cremorls s tra in s  were not in h ib i te d  by high 
concentrations o f  Na*.
Despite the fa c t  th a t extensive cha rac te r isa t ion  o f Group N 
streptococcal auto lys ins has not ye t been undertaken the p re lim inary  
study c ited  above suggests th a t there are q u a l i ta t iv e  and q u a n t i ta t iv e  
d iffe rences between the au to lys ins  and the phage-induced lys ins  studied 
to date and suggests th a t phage lys in s  are not a u to ly t ic  enzymes th a t 
have increased in  concentration due to phage in fe c t io n .  Data is  now 
ava ilab le  concerning the a c t i v i t y  o f  lys ins  produced by three phages 
ac tive  against Str. lactis C2 i . e .  4T^(W) ly s in ,  K Z  ly s in  (T o u rv i l le  
and Tokuda, 1967) and fML3 ly s in  (Oram and R e ite r, 1965). fML3 ly s in  
is  included because Str. lactis s tra in s  C2 and ML3 are thought to be 
v i r t u a l l y  id e n t ica l (Davies et al., 1981) a fa c t  tha t was unknown a t
the s ta r t  o f  th is  p ro je c t .  A l l  three lys ins  d i f f e r  q u a l i ta t iv e ly  and
q u a n t i ta t iv e ly  from one another, a fa c t  which supports the argument 
th a t  la c t ic  streptococcal phage lys ins  d i f f e r  from a u to ly t ic  enzymes 
present in la c t ic  s tre p to cocc i;  i f  th is  were otherwise a s im i la r  enzyme
would be expected in lysates o f  a l l  three phages.
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SUMMARY
The l y t i c  agent present in  4>C2(W) lysates was iso la ted  by ion 
exchange chromatography using Amberlite CG50 and fu r th e r  p u r i f ie d  using 
u l t r a f i l t r a t i o n  or gel f i l t r a t i o n .
The l y t i c  enzyme was ac tive  over a broad pH range w ith  an apparent 
pH optimum o f 6 .5 -6 .9 . P u r if ie d  ly s in  was unstable in 0.1 M potassium 
phosphate b u ffe r  at temperatures >30°C and only 3.4% o f the a c t i v i t y  
remained a f te r  incubation fo r  5 min a t 47°C. An apparent temperature 
optimum o f 37°C was found and Q.jp and Ea Values over the range 22-32°C 
were 2.5 and 69.2 kJ mole  ^ re spec t ive ly . The enzyme was activa ted by both 
monovalent and d iva len t ca tions; higher concentrations o f  monovalent cations 
were required fo r  a c t iv a t io n .  No s p e c if ic  anion requirement was found.
Reduced sulphydryl groups were shown to be required fo r  l y t i c  
a c t i v i t y .  Concentrations o f  N-acetylglucosamine up to 50 mM, did not 
s ig n i f ic a n t ly  a f fe c t  l y t i c  a c t i v i t y .  Gel f i l t r a t i o n  using a ca l ib ra te d  
column o f Bio Gel PI00 revealed a molecular weight o f about 46,000.
A ll s tra ins  o f Group N streptococc i studied were lysed, however, 
s t ra in  dependent d iffe rences in  ly s in  s e n s i t iv i t y  were apparent. Group 
D streptococci were also lysed. S tra ins o f Leucon. cremorlsy Leucon. 
lactisy Leucon. dextranlcum, Str. thermophilus, Lact. hulgarlcus, Lact. 
fermently. E. colly Mlcroeoccus lysodelktlcus and Str. dysgalactlae 
were apparently re s is ta n t .  No re la t io n s h ip  was found between the a b i l i t y  
o f  a s t ra in  to absorb ^C2(W) and i t s  s e n s i t iv i t y  to ly s is  by #C2(W)- 
induced ly s in ;  s tra ins  which did not absorb the phage showed high 
s e n s i t iv i t y  to ly s in .  Examination o f  lysed c e l ls  by e lectron microscopy 
revealed th a t ly s in  removed the c e l l  walls o f sensitive  streptococci 
c reating  p ro top lasts .
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Examination o f  c e l l  wall degradation products revealed tha t the 
enzyme was a glycosidase. Analysis o f reduced enzyme treated c e l l  w a l ls ,  
using an amino acid analyser, revealed tha t the concentration o f  muramic 
acid was reduced compared w ith con tro l w a lls . Muramicitol was not d e f in i t e ly  
detected. However, the glucosamine linkage was not attacked and i t  
is  probable th a t the phage enzyme is  a N-acetylmuramidase.
The tj)C2(W) enzyme is  compared w ith  a u to ly t ic  enzymes described 
fo r  streptococci o f  Groups N and D because o f q u a l i ta t iv e  and q u a n t i ta t iv e  
d iffe rences between the phage-induced enzyme and a u to ly t ic  enzymes i t  
is  u n l ik e ly  tha t the fC2(W) enzyme is  an a u to ly t ic  enzyme which has 
increased in concentration as a re s u l t  o f phage in fe c t io n .
CHAPTER 3
EFFECT OF CULTURAL AND OTHER FACTORS ON THE SENSITIVITY 
OF Str. laoUs C2 AND SOME OTHER STREPTOCOCCI TO PHAGE LYSIN
190
INTRODUCTION
With the exception o f the re po rt th a t  the ageing o f str. oremoris 
KH c e l ls  led to a progressive resistance towards ly s is  by 4^L3 ly s in  
(Oram and R e ite r, 1965), the fac to rs  a f fe c t in g  the s e n s i t iv i t y  o f  Group 
N streptococci to  phage lys in s  have not been reported. Limited data 
is  ava ila b le , however, concerning the fac to rs  which a f fe c t  the s e n s i t i v i t y  
o f  Group N streptococci and other b a c te r ia l groups to  hen egg lysozyme 
(E.G.3 .2 .1 .17).
Because <j>C2(W) ly s in ,  l ik e  hen egg lysozyme, appears to  be a N- 
acetylmuramidase fac to rs  in f luenc ing  the s e n s i t iv i t y  o f la c t ic  acid bacteria  
to lysozyme w i l l  be b r ie f l y  reviewed since they may also apply to  the 
phage enzyme.
Addition o f  the amino acids L-threonine (or DL-threonine) and L- 
lys ine  to growth media has been reported to give c e l ls  o f increased 
s e n s i t iv i t y  o f lysozyme (Chassy, 1976; Chassy and G iu f f r id a ,  1980).
The growth phase o f  c e l ls  has also been found to in fluence s e n s i t iv i t y ,  
Both Neujahr (1966) and Shockman, Thompson and Conover (1967) reported 
th a t washed c e l ls  or c e l l  walls o f  Lact. fermenti were not sens it ive  
to lysozyme. However, fu r th e r  work by the former worker established 
th a t the almost complete resistance o f  th is  organism to lysozyme was 
only va l id  fo r  s ta t io na ry  phase c e l ls  whereas c e l ls  taken from the log 
phase were much more sens it ive  (Neujahr, Borstad and Logardt, 1973).
Log phase c e l ls  o f M. lysodiektieus and Lact, plantarum have also been 
shown to be more sens it ive  to  lysozyme than sta t ionary phase cu ltu res  
(ErurafittjWardlaw and Park, 1958; Holden and van Balgooy, 1965). Log 
phase or very ea r ly  s ta t io na ry  phase c e l ls  of str. lactis have been used 
p re fe re n t ia l ly  in  p ro top las t fus ion and plasmid studies (Davies and Gasson,
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1981) presumably due to  th e i r  increased s e n s i t iv i t y  to  lysozyme. However, 
Chassy and G iu f f r id a  (1980) found th a t  s ta t iona ry  phase c e l ls  o f Laot. 
easel and Str, mutons were more se n s it ive  to  lysozyme than log phase 
c e l ls .
The substrate on which c e l ls  are grown may also in fluence lysozyme 
s e n s i t iv i t y .  Chassy and G iu f f r id a  (1980) grew c e l ls  in media conta in ing 
D-glucosamine, D-gluconate, L-malate, pyruvate, r i b i t o l , and c i t r a te  
and found glucose-grown c e l ls  most sens it ive  to lysozyme.
Most c e l l  suspensions undergo a s l ig h t  decrease in  tu r b id i t y  w ith  
incubation time due to a u to ly s is .  Shockman et al. (1968) have a t t r ib u te d  
the increased lysozyme s e n s i t iv i t y  o f  log phase c e l ls  o f str. faeaalls 
compared w ith s ta t io na ry  phase c e l l s ,  in  p a r t ,  to  the greater a u to ly t ic  
a c t iv i t y  o f  the log phase c e l ls .
That research in to  the genetics o f  Group N streptococci and other 
la c t ic  acid bacteria  has made s ig n i f ic a n t  progress is  apparent from the 
review by Davies and Gasson (1981). The existence o f  plasmid DNA in  
both la c t ic  s treptococci and la c to b a c i l l i  is  now well established. Several 
important properties o f  cheese s ta r te rs ,  e.g. lactose, prote inase, c i t r a te  
and n is in  metabolism are thought to be plasmid associated. Gene t ra n s fe r  
by the induced fusion o f  b a c te r ia l pro top lasts  and subsequent regeneration 
o f  complete c e l ls  on hypertonic media has been recently  described fo r  
various s tra ins  o f  Group N s tre p to co cc i,  str. thermoph-Clus and str. faeealls 
(Gasson, 1980). The demonstration o f  plasmid DNA and the production 
o f protop lasts both require  a gentle method o f c e l l  wall removal. Although 
procedures fo r  c e l lu la r  ly s is  o f la c t i c  streptococci w ith  lysozyme have 
been described (Klaenhammer, McKay and Baldwin, 1978; Gasson, 1980) 
these methods have not been e f fe c t iv e  fo r  a l l  s t ra in s ,  espec ia lly  those
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o f str. oremoris. In add it ion  the extended incubation time required 
to obtain c e l l  ly s is  w ith  lysozyme may re s u l t  in the destruction  o f  plasmid 
DNA by host nuclease a c t i v i t y ,  e.g . loss o f the lactose plasmids in  Str. 
lactis C2 and Str. oremoris B1 occurs a f te r  20 min incubation a t 37°C 
w ith  lysozyme (Klaenhammer et al., 1978).
Characterisation studies (Chapter 2) undertaken w ith  $C2(W) ly s in  
established th a t  the enzyme ra p id ly  lysed a range o f la c t ic  streptococc i 
and had a s im i la r  mode o f action  to  lysozyme. This suggested th a t th is  
enzyme might be a more e f fe c t iv e  c e l l  wall removing agent, a t  le a s t fo r  
Group N s tre p to cocc i,  than lysozyme. I f  4iC2(W) lys in  is to  be used fo r  
th is  purpose i t  would be desirab le to  have information concerning fac to rs  
which influence the s e n s i t iv i t y  o f  la c t ic  streptococci to the l y t i c  enzyme. 
In th is  section the e f fe c t  o f  growth phase, carbohydrate substra te , 
temperature o f growth, agents which a f fe c t  peptide cross l in k in g ,  freeze 
dry ing, a u to ly t ic  ra te ,  and concentration o f osmotic, s ta b i l is e r  on the 
s e n s i t iv i t y  o f  str. lactis C2 and other streptococci to 0C2(W)-induced 
ly s in  is  reported.
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MATERIALS AND METHODS
CULTURES
Strains 02, CIO, ML8 , AMI, AM2, RMl SKll , US3, 1249 and DRC2 were 
used. The o r ig in s  o f  the cu ltu res  and the propagation cond itions used 
have been described prev ious ly  (p20 and p99).
MEDIA AND GROWTH OF CULTURES
Strains were grown in  PLGYG broth (Mullan et al,, 1981b), Ml7 
(Terzaghi and Sandine, 1975), MRS broth (de Man, Rogosa and Sharpe, 1960) 
and ly s is  broth (Klaenhammer et al., 1978). Cultures fo r  experiments 
were obtained by inocu la t ing  c e l ls  previously grown in PLGYG in to  the 
appropriate medium which was incubated a t 22°C or 30°C fo r  a designated 
time. For cu ltu res  incubated at 22°C a 1% inoculum (v /v )  was used. A 
lower inoculum (0.1%) was used fo r  s tra ins  grown at 30°C unless stated 
otherwise. A l l  cu ltu res  received two transfe rs  in the appropriate medium 
p r io r  to  use in ly s is  experiments.
FREEZE-DRIED CULTURES
Strains were grown in  PLGYG broth (1% inoculum) a t 22°C fo r  16 
h and harvested by c e n tr i fu g a t io n .  Cells were washed twice w ith  d i s t i l l e d  
water and suspended in  a small qu an t ity  o f d i s t i l l e d  water. The re su lta n t 
s lu r r y ,  genera lly  less than 10 ml, was frozen at -18°C overn ight (18 
h) and freeze-dried  as described previously (p25). Although cu ltu res  
appeared to  be dry a t 24 h, dry ing was continued fo r  a fu r th e r  24 h. 
Freeze-dried c e l ls  were stored in a des icca to r at 5°C u n t i l  required.
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CHEMICALS
A ll Chemicals used were o f 'Analar ' grade or highest p u r i ty  ava ilab le  
L - ly s in e , L-threonine and galactose were obtained from Sigma. Sucrose, 
sodium gluconate, p e n ic i l l i n  G, glucose and maltose were obtained from 
BDH.
PHAGE LYSIN
P a r t ia l ly  p u r i f ie d  (}>C2(W)-induced ly s in  was used. The enzyme was 
p u r i f ie d  by ion exchange, ammonium sulphate p re c ip i ta t io n ,  gel f i l t r a t i o n  
and was desalted by u l t r a f i l t r a t i o n .  The preparation used had 
a prote in content o f  35 pg/ml and gave an a c t iv i t y  o f  25,000 u/ml using 
freeze-dried  c e l ls  o f  C2 as described previously (p24).
SENSITIVITY OF CELLS TO LYSIN
The procedure used was s im i la r  to  tha t used fo r  the assay o f  ly s in  
a c t iv i t y  described prev ious ly  except tha t the resu lts  were expressed 
in a s l ig h t ly  d i f fe r e n t  format. Cells were harvested from growth media, 
washed once in  0.1 M phosphate b u f fe r  and suspended in 0.1 M phosphate 
bu ffe r  to  give an O.D. 450 o f 0.65-0.70 in the Bausch and Lomb C lin ic a l  
Analyser or the Shimadzu Spectrophotometer. A standardised procedure 
was adopted in  a l l  experiments. To 3.0 ml o f c e l l  suspension 25 pi o f 
ly s in  were added. The mixture was b r ie f l y  mixed and,the decrease in 
O.D. 450. w ith  time a t 37°C recorded. The l in e a r  part o f  the O.D. 450 
versus time p lo t  was ca lcu la ted  and used to  ca lcu la te  the A O.D./min.
In previous experiments th is  f ig u re  would have been used to  ca lcu la te  
enzyme a c t i v i t y  as fo l lo w s :
A O.D./min
= ly s in  a c t iv i t y  (u/ml)
0.001 X 0.025
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Therefore the A O.D./min values can be m u lt ip l ie d  by 40,000 to give ly s in  
a c t iv i t y  in  u/ml i f  the reader wishes to  compare the re su lts  in th is  
section w ith  those in  the previous sections.
AUTOLYTIC ACTIVITY
A u to ly t ic  a c t i v i t y  was measured in  a s im ila r  way to ly s in  a c t i v i t y  
except th a t no l y t i c  enzyme was used. In these experiments the O.D.
450 o f ce l l  suspensions was adjusted to about 0.7 and the change in 
absorbance recorded over a 4 min period. Provided th a t both spectrophoto­
meters had been switched on fo r  a t leas t l i  h 'Instrument d r i f t '  was 
less than 0.001 O.D. un its /10  min.
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RESULTS
EFFECT OF GROWTH PHASE
The e f fe c t  o f  growth phase on the s e n s i t iv i t y  o f  C2 and other 
streptococci to  ly s in  is  shown in  Table 3.1. Logarithmic phase c e l ls  
were lysed a t  a fa s te r  ra te than s ta t iona ry  phase c e l ls .  That log phase 
c e l ls  o f  ML8 were p a r t ic u la r ly  sens it ive  to ly s in  is  apparent. During 
repeat experiments i t  was found th a t  s l ig h t  d iffe rences in  incubation 
time had a s ig n i f ic a n t  e f fe c t  on ly s in  s e n s i t iv i t y .  This f in d in g  prompted 
a more de ta i led  in ve s t ig a t io n  o f the e f fe c t  o f growth phase on ly s in  
s e n s i t iv i t y  (Table 3 .2 ). The re su lts  confirmed th a t log phase c e l ls  
o f C2 were more susceptib le to  ly s is  than s ta t iona ry  phase c e l ls  but 
revealed th a t  e a r ly  log phase c e l ls  (4 h) were p a r t ic u la r ly  se n s it ive . 
Although the data presented in  Tables 3.1 and 3.2 show th a t  s ta t io na ry  
phase c e l ls  were less se n s it ive  to ly s in ,  they were lysed u l t im a te ly  
to the same ex ten t as log phase c e l ls .
The a u to ly s is  ra te o f the c e l ls  used in the assays is  also presented 
in Table 3.2. Highest a u to ly t ic  a c t iv i t y  was found in  the 8 |  h c e l ls  
(about ea r ly  s ta t io n a ry  phase). No co rre la t io n  between ly s in  s e n s i t iv i t y  
and a u to ly t ic  ra te  was found fo r  C2.
EFFECT OF CARBOHYDRATE SOURCE
The e f fe c t  o f  substrate and incubation temperature on the s e n s i t iv i t y  
o f C2 c e l l s ' t o  ly s in  is  shown in  Table 3.3. S a tis fac to ry  growth was
obtained, w ith  a l l  energy sources but i n i t i a l  growth on gluconate was
slower than w ith  other substrates. I t  is  apparent th a t the energy source 
used had a marked in fluence on ly s in  s e n s i t iv i t y .  Media conta in ing glucose 
yie lded c e l ls  which were more sens it ive  to ly s in  than c e l ls  obtained 
from media con ta in ing other carbohydrates. Gluconate gave the lea s t
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Table 3.1
E ffec t o f  growth phase on the s e n s i t iv i t y  o f  la c t i c  
streptococci to  phage ly s in
A O.D./min
Stra in
Log phase S ta tionary  phase
C2 0.286 0.16
CIO 0.554 0.447
ML8 ■ 0.60 0.275
Cells were grown in  PLGYG broth fo r  6 h (1%, 30°C) and fo r  18 h (1%, 30°C), 
harvested and th e i r  s u s c e p t ib i l i t y  to ly s is  determined as in Methods.
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Time (h)
Table 3.2
E ffec t o f  age o f  c e l ls  o f str. lactis C2 on ly s in  
s e n s i t iv i t y  and a u to ly t ic  ra te
A O.D./min A 0 .D ./4  min
+ ly s in  - ly s in
4 0.53 0.001
5 0.37 0.003
6 0.25 . 0.002
7 0.26 0.003
8 è 0 . 2 2  0.008
24 0.33 0.002
Cells were grown in  PLGYG broth (1% inoculum) a t 30°C, harvested a t 
in te rva ls  and s u s c e p t ib i l i t y  to  ly s in  and th e i r  ra te o f au to lys is  
determined as in  Methods.
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Table 3.3
E ffe c t  o f  carbohydrate source and growth temperature on the 
s e n s i t i v i t y  o f  c e l ls  o f Str, lactis C2 to  phage ly s in
A O.D./min
Substrate
Glucose Galactose Maltose Fructose Lactose Gluconate
22°C 0.36 0.085 0.18 0.16 0.20 0.02
30°C 0.39 0.115 . 0.12 0.23 0.33 0.022
Cells were grown in  PLGYG broth in  which the glucose component was replaced 
w ith  the appropriate sugar and grown to  la te  s ta t iona ry  phase a t 22°C or 
30°C. Cells were harvested and ly s in  s e n s i t iv i t y  determined as in  Methods.
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sens it ive  c e l ls .  Cells grown in media conta in ing galactose, maltose, 
fructose and lactose y ie lded c e l ls  which were less sens it ive  to ly s is  
than glucose-grown c e l ls  but were more sens it ive  than c e l ls  grown on 
gluconate.
In general, incubation temperature (22°C, 30°C) had l i t t l e  e f fe c t  
on s e n s i t iv i t y  to  ly s in .  Cells grown at 30*C, p a r t ic u la r ly  c e l ls  grown 
on lac tose , were frequen tly  s l ig h t ly  more se n s it ive .
The au to lys is  ra te  was less than 0.001 O.D. u n i ts /4  min fo r  c e l ls  
from a l l  substrates. No co rre la t io n  was found between au to lys is  ra te 
and ly s in  s e n s i t iv i t y .
Because o f  the low s e n s i t iv i t y  o f c e l ls  grown on gluconate to ly s in ,  
fu r th e r  study o f  C2 c e l ls  grown on gluconate was undertaken. Log phase 
c e l ls  (1% inoculum 30°C, 6 h) were s ig n i f ic a n t ly  more sens it ive  to  ly s is  
g iv ing  a A O.D./min o f  0.081 compared w ith  a A O.D./min o f  0.02 fo r  
s ta t iona ry  phase c e l ls  (22^0, 1%, 16 h). This re s u l t  confirmed th a t 
log phase c e l ls  were more sens it ive  to ly s in  than s ta t io na ry  phase c e l ls .  
Attempts were made to  determine whether the low s e n s i t iv i t y  o f  c e l ls  
grown on gluconate to  ly s in  was due to  the se lec tion  o f  a mutant population 
or due to a chemical change, perhaps in c e l l  wall composition. In these 
experiments 02 c e l ls  were grown in broth conta in ing gluconate fo r  three 
trans fe rs  (1%, 22°C, 16 h) or in PLGYG and used to  inoculate fresh media 
as shown in Table 3.4. The glucose-grown c e l ls  trans fe rred  to  PLGYG 
exh ib ited  high s e n s i t i v i t y  to  ly s in  whereas s im i la r  c e l ls  grown in  gluconate 
fo r  6 h exh ib ited  low s e n s i t iv i t y  to ly s in .  The c e l ls  grown on gluconate 
fo r  three tra ns fe rs  and trans fe rred  to fresh media conta in ing gluconate 
gave s im i la r  ly s in  s e n s i t iv i t y  re su lts  to the glucose-grown c e l ls  transfe rred  
to gluconate and tested a f te r  6 h. These re su lts  suggest th a t  growing
201
Table 3.4
E ffe c t o f  t ra n s fe r r in g  glucose or gluconate-grown c e l ls  o f  
Str. lactis C2 to  media conta in ing glucose or 
gluconate on ly s in  s e n s i t iv i t y
Treatment A O.D./min
Glucose-grown c e l ls  trans fe rred  to glucose 0.3
Glucose-grown c e l ls  trans fe rred  to gluconate 0.081
Gluconate-grown c e l ls  trans fe rred  to  glucose 0.144
Gluconate-grown c e l ls  trans fe rred  to gluconate ■ ' 0.081
Cells were grown in  PLGYG or a s im i la r  medium, in which gluconate 
replaced glucose, fo r  3 transfe rs  p r io r  to  experiments. Cells were 
inoculated in to  the appropriate medium (1 % inoculum) and t h e i r  ly s in  
s e n s i t iv i t y  determined a f te r  6 h at 30°C.
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C2 c e l ls  on gluconate does not re s u l t  in the se lection o f  a mutant 
population which is  more re s is ta n t to ly s is  than glucose-grown c e l ls ;  
s ig n i f ic a n t  growth o f a mutant population in 6 h is  improbable. I f  th is  
hypothesis is  c o r re c t ,  tra ns fe r  o f c e l ls ,  previously grown on gluconate, 
to media con ta in ing glucose should re s u l t  in c e l ls  o f increased s e n s i t iv i t y  
to phage ly s in .  The resu lts  obtained revealed th a t such c e l ls  were more 
sens it ive  to  ly s in  action than contro l c e l ls  grown on gluconate but were 
less sen s it ive  than c e l ls  grown on glucose and trans fe rred  to  fresh media 
contain ing glucose.
EFFECT OF AGENTS WHICH AFFECT PEPTIDE CROSS LINKS IN THE 
PEPTIDOGLYCAN
E ffec t o f  L - ly s in e  and L-threonine
The s e n s i t i v i t y  o f c e l ls  grown in PLGYG broth supplemented w ith  
ly s in e ,  threonine and/or a mixture o f both amino acids was studied (Table 
3 ,5 ), Threonine supplementation did not increase the s e n s i t iv i t y  o f  
C2 to ly s in .  In most experiments, media conta in ing threonine yie lded 
c e l ls  which had a reduced s e n s i t iv i t y  to  ly s is  by the phage-induced enzyme. 
Threonine supplementation had no apparent a f fe c t  on the s e n s i t iv i t y  o f 
DRC2 c e l ls  to  ^C2(W) ly s in .  Lysine supplementation co n s is te n t ly  gave 
DRC2 c e l ls  which were more sens it ive  to ly s is  and y ie lded C2 c e l ls  which 
had a s l ig h t ly  increased s e n s i t iv i t y  to  the phage-induced.enzyme. No 
po s it ive  S'-i '^^<2-Wj''^\u:effect on ly s in  s e n s i t iv i t y  was found fo r  c e l ls  
grown in  media contain ing both amino acids.
E ffec t o f growing c e l ls  in sub-lethal concentrations o f p e n ic i l l in
The s e n s i t i v i t y  o f  C2 c e l ls  grown in  sub-lethal concentrations 
o f p e n ic i l l in  to  ly s in  is  shown in Table 3.6. Because the re su lts  were
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Strain(^)
Table 3.5
E ffe c t o f  growing c e l ls  in  PLGYG supplemented w ith  
L - lys in e  and/or L-threonine on ly s in  s e n s i t iv i t y
A O.D./min w ith  add it ion  to PLGYG^^^
None + lys ine  + threonine ly s in  + threonine
02 0.314 0.345 0.239 0.279
DRC2 0.005 0.01 0.006 0.013
(1) PLGYG was supplemented w ith  10 mM ly s in e ,  10 mM threonine or 5 mM o f 
each as ind ica ted above.
(2) Cells were grown to log phase (1%, 30°C, 6 h ) ,  harvested and 
examined fo r  s e n s i t iv i t y  to ly s in .
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Table 3.6
E ffec t o f  growing c e l ls  o f Str, lactis 02 in  media contain ing 
p e n ic i l l in  G on ly s in  s e n s i t i v i t y  and a u to ly t ic  ra te
P e n ic i l l in  concentration ( lU /m l) 0 0.1 0.15
Lysis w ith  phage ly s in  A O.D./min 0.234 0.431 0.718
A u to ly t ic  ra te  A 0.D./4 min . <0.001 <0.001 <0.001
Oells were inoculated in to  PLGYG broth (1% inoculum) w ith  or w ithout 
a n t ib io t ic s  and grown at 22°0 fo r  16 h. Oells were harvested and th e i r  
ly s in  s e n s i t i v i t y  and a u to ly t ic  ra te  determined as in Methods.
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so dramatic the resu lts  are also expressed g raph ica lly  in Figure 3.1.
As fa r  as C2 was concerned, no in h ib i t io n  o f acid production was found 
w ith  p e n ic i l l in  concentrations o f  0.1 and 0.15 lU/ml. A marked increase 
in s e n s i t i v i t y  to ly s is  was found fo r  c e l ls  grown in the presence o f 
0.1 lU/ml. A fu r th e r  almost tw o -fo ld  increase in  l y t i c  rate was found 
fo r  c e l ls  grown in  0.15 lU/ml o f p e n ic i l l i n .  The au to lys is  rate was 
measured fo r  con tro l and fo r  cu ltu res grown in p e n ic i l l i n .  The ra te 
was s im i la r  fo r  a l l  cu ltu res tested and was less than 0.001 O.D. un its  
over a 4 min period.
Further experiments were undertaken to  determine whether growth 
in sub-le tha l concentrations o f  p e n ic i l l in  could be used to  increase 
the s e n s i t i v i t y  o f other la c t ic  streptococci to 0C2(W)-induced ly s in .
In these experiments f lasks o f PLGYG broth contain ing 0.15 lU p e n ic i l l in /m l  
were inoculated w ith 1% AMI, AM2, DRC2 and CIO respec tive ly  and the c e l ls  
were harvested a f te r  6 h a t 30°C. L i t t l e  or no growth o f  the str, oremoris 
s tra in s  occurred but CIO and DRC2 were apparently unaffected. The re su lts  
(Table 3.7) showed tha t sub-lethal concentrations o f  p e n ic i l l in  also 
increased the s e n s i t iv i t y  o f DRC2 and CIO to ly s is  by the phage ly s in .
EFFECT OF GROWTH MEDIUM
Strains were grown in PLGYG, Ml7 and MRS and in ly s is  broth fo r  
6 h at 30°C (1% inoculum), harvested and th e i r  s e n s i t iv i t y  to ly s in  
determined (Table 3 .8 ). PLGYG broth  y ie lded  c e l ls  o f C2 which were more 
sens it ive  to  ly s is  than the other media studied. MRS broth y ie lded the 
leas t sens it ive  c e l ls  to phage ly s in .  Ml7 broth y ie lded c e l ls  o f AMI 
and DRC2 which were more sens it ive  to  4C2(W) ly s in  than the other media 
tested. As w ith  C2, MRS y ie lded c e l ls  which were leas t sens it ive  to
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Figure 3.1 Lysin s e n s i t iv i t y  o f  c e l ls  o f  str. lactis 
C2 grown in  media containing d i f fe r e n t  concentra tions o f 
p e n i c i l l i n  6
0.8 _
0 . 6  —
0.4 _
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Time (s)
, no a n t ib io t ic  added 
0 — , 0.1 lU/ml o f  p e n ic i l l i n  6 added 
— , 0.15 lU/ml o f  p e n ic i l l in  G added
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Table 3.7
E ffec t o f growing c e l ls  o f  str. laotis CIO and str. diaoetylactis DRC2 
in  media conta in ing p e n ic i l l in  G on ly s in  s e n s i t iv i t y
P e n ic i l l in  concentration ( lU /m l) 0 0.15
DRC2 (A O.D./min) 0.005 0.04
CIO (A O.D./min) 0.554 0.812
Experimental cond itions were s im i la r  to  those described in  Table 3 . 6  except 
th a t log phase cu ltu res  (1% inoculum, 6 h , 30°C) were used.
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Table 3.8
E ffe c t o f  growth medium on the s e n s i t iv i t y  o f  
la c t ic  s treptococci to  phage ly s in
A O.D./min
S tra in ^^ )
PLGYG Ml7 MRS Lysis bro th
C2 0.410 0.166 0.016 0 .201
AMI 0.053 0.181 0.011 0.067
DRC2 0.007 0.011 0 .0 0 2 0.005
(1 ) Cells were grown in the medium ind icated fo r  6 h a t 30°C (1% inoculum), 
harvested and th e i r  s e n s i t i v i t y  to  ly s in  determined.
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ly s in .  This experiment was repeated several times and s im i la r  q u a l i ta t iv e  
resu lts  were obtained.
EFFECT OF FREEZE-DRYING
Prelim inary experiments established tha t freeze-dry ing markedly 
increased the s e n s i t iv i t y  o f C2 to the phage enzyme. Attempts were made 
to determine i f  th is  method could be used to increase the s e n s i t iv i t y  
o f other Group N streptococci to  ly s is  by <j>C2(W) ly s in .  ' The re su lts  
(Table 3.9) reveal th a t freeze-dry ing markedly increased the s e n s i t iv i t y  
o f a l l  s tra ins  tested to ly s in .  Further study revealed th a t  the freez ing  
process did not a f fe c t  ly s in  s e n s i t iv i t y .  Freshly harvested c e l ls  and 
c e l ls  frozen fo r  various times had s im i la r  s e n s i t iv i t ie s  to ly s in .
EFFECT OF SUCROSE
Sucrose is  frequen tly  used as an osmotic s ta b i l is e r  to  prevent 
the ly s is  o f p ro top lasts  produced by the action o f  l y t i c  enzymes. The 
e f fe c t  o f sucrose (0.5 M) on the ly s is  of la c t ic  streptococci by phage 
ly s in  is  shown in  Table 3.10. I t  is  apparent tha t a 0.5 M so lu t io n  o f 
sucrose did not in h ib i t  the ly s is  o f Group N streptococci by phage ly s in .
210
Table 3.9
E ffec t o f freeze-dry ing  on the s e n s i t iv i t y  o f  
la c t ic  streptococci to phage ly s in
A O.D./min
S tra in
Harvested c e l ls  Freeze-dried c e l ls
02 0.30 0.773
RMl 0.218 0.329
SKll 0.173 0.318
US3 0.009 0.034
Stationary phase c e l ls  (1% inoculum, 22°C, 16 h) were harvested, washed 
and divided in to  2 po rt ions . One was suspended in b u f fe r  and tested fo r  
ly s in  s e n s i t i v i t y  w h i ls t  the remaining portion was tested a f te r  freeze- 
drying as described in  Methods.
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Table 3.10
E ffec t o f sucrose on the ly s is  o f la c t ic  
s treptococc i by phage ly s in
Sucrose concentration (M) 0 0.5
02 (A O.D./min) 0.39 0.42
SOI (A O.D./min) 0.50 0.50
1249 (A O.D./min) 0.6 0.58
Stationary phase c e l ls  (1% inoculum, 22°0, 16 h) were suspended in  0.1 M 
phosphate b u f fe r  w ith  or w ithou t sucrose and ly s in  s e n s i t i v i t y  determined 
as in  Methods.
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DISCUSSION
The re su lts  reported here demonstrate tha t several fac to rs  in fluence 
the s e n s i t iv i t y  o f  Group N streptococci to #C2(W) ly s in .  Unlike lysozyme 
(Neujahr, 1966; Shockman et al., 1968; Klaenhammer et al., 1978) phage 
ly s in  lysed s ta t io na ry  as well as log phase c e l ls .  However, log phase 
c e l ls  were more se n s it ive  than s ta t iona ry  phase c e l ls .  Chemical m od if ica tion  
o f the peptidoglycan as c e l ls  go in to  the s ta t iona ry  phage has been suggested 
as an explanation fo r  the increased resistance o f  s ta t io na ry  phase c e l ls  
to lysozyme. Resistance has been a t t r ib u te d  to  the presence o f N-non- 
substitu ted  glucosamine residues (Hayashi, Araki and I to ,  1973); a high 
degree o f  peptide c ro s s - l in k in g  (Strominger and Ghuysen, 1968); the 
presence o f 0-acetyl groups (g n im f i t t  e t  al., 1958; Logardt and Neujahr,
1975); or the attachment to  the peptidoglycan o f  polymers such as techoic 
acid (Mandelstam and Strominger, 1961) or polysaccharide (Krause and 
McCarty, 1961). Further work w i l l  be required to  determine which, i f  
any, o f  these mechanisms are responsible fo r  the increased resistance 
o f s ta t iona ry  phase c e l ls  to  phage ly s in .
Several reports o f  a u to ly t ic  a c t iv i t y  in Group N streptococci have 
been published (Moustafa and C o l l in s ,  1968a; Moustafa and C o l l in s ,  1968b; 
McDonald, 1971; Mou, S u llivan  and Oago, 1976). S ynerg is t^ ' between 
au to lys in  a c t i v i t y  and lysozyme has been suggested as a fa c to r  involved 
in the increased lysozyme s e n s i t iv i t y  o f  log phase c e l ls  o f str. faecalis 
(Shockman et al., 1968). The re su lts  o f th is  study show th a t  the 
s e n s i t iv i t y  o f  str. lactis C2 to ly s in  is  highest in ea rly  log phase 
and decreases th e re a fte r  whereas highest a u to ly t ic  a c t i v i t y  was found 
w ith  la te  lo g /e a r ly  s ta t io na ry  phase c e l ls .  Thus a u to ly t ic  a c t i v i t y  
does not appear to be a fa c to r  involved in  the increased s e n s i t i v i t y  
o f  log phase c e l ls  o f str. lactis C2 to phage ly s in .  That a u to ly t ic
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a c t iv i t y  is  higher in other Group N streptococci before t ra n s i t io n  to  
the s ta t io na ry  phase has been found by Mou et al. (1976). Synergisrn 
was not found to  exp la in the increased s e n s i t iv i t y  o f log phase c e l ls  
o f Lact. fermenti to lysozyme (Neujahr et al., 1973). The s e n s i t iv i t y  
o f th is  organism to  lysozyme peaks during the log phase, a f te r  a u to ly t ic  
a c t i v i t y  has s ta r ted  to  decline.
That c e l ls  grown in  media contain ing glucose were more e a s i ly  lysed 
by 4C2(W) ly s in  than those grown on other substrates could have been 
an tic ipa ted  from the re su lts  o f Chassy and G iu ff r ida  (1980) and the f ind ings  
o f Gasson (1980) and Klaenhammer et al. (1978) w ith  lysozyme. The f in d in g  
tha t c e l ls  grown on gluconate were re la t iv e ly  inse n s it ive  to  ly s in  was 
unexpected and revealed th a t the energy source used in PLGYG broth had 
a major in fluence on ly s in  s e n s i t iv i t y .  The mechanism whereby carbohydrate 
or carbohydrate-type substances influence ly s in  s e n s i t iv i t y  is  unknown.
I t  is  conceivable th a t  ce l l  wall s truc tu re  and/or composition could be 
influenced.
Production o f  e x t ra c e l lu la r  polymeric materia l by Group N streptococci 
has been reported (Forsen, 1966; Brooker, 1976; Sozzi et al., 1978;
Saxelin et al., 1979) and could explain the d ifferences in  ly s in  s e n s i t iv i t y  
found w ith  the d i f fe re n t  substrates i f  such material was induced by s p e c if ic  
carbohydrates; th is  material could block the access o f  ly s in  to the 
c e l l  w a l l .  Forsen (1966) reported tha t capsule formation by la c t ic  
streptococci was optimal a t 18°C or below. Since no s ig n i f ic a n t  d iffe rence  
in  ly s in  s e n s i t iv i t y  was found fo r  c e l ls  grown on the d i f fe r e n t  substrates 
a t 22°C or 30°C w ith the exception o f lactose, i t  is  u n l ik e ly  th a t  the 
production o f e x t ra c e l lu la r  material is  involved in the low s e n s i t iv i t y  
o f  c e l ls  grown on sugars other than glucose to ly s in .
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Attempts to  increase the s e n s i t iv i t y  o f^bacteria  to  l y t i c  enzymes 
have not prev ious ly  included growth in the presence o f  sub-le tha l 
concentrations o f  p e n ic i l l in  G. This is  su rp r is ing  since i t  is  well 
established th a t  th is  agent in h ib i ts  terminal transpep tida tion  and resu lts  
in peptidoglycan chains which are not c ross-l inked  and lack te n s i le  strength. 
The resu lts  o f th is  study have shown th a t growth o f  la c t ic  streptococci 
in media con ta in ing  low concentrations o f p e n ic i l l in  can markedly increase 
ly s in  s e n s i t i v i t y .  D i f f i c u l t y  may be experienced in  applying th is  method 
to s tra ins  o f  la c t ic  streptococci which e x h ib i t  high s e n s i t iv i t y  to  p e n ic i l l in  
G, e.g. the Str. oremoris s tra in s  used in th is  study (p205). I f  d i f f i c u l t i e s  
are experienced the author would advise th a t  other agents which also 
in h ib i t  c ro s s - l in k in g ,  e.g . D-cycloserine, b a c it ra c in ,  vancomycin, r is to c e t in  
and the cephalosporins should also be evaluated fo r  t h e i r  p o te n t ia l to 
increase ly s in  s e n s i t i v i t y .
Threonine has also been reported to in te r fe re  w ith  peptide cross- 
l in k in g  in the peptidoglycan (McCarron and Chang, 1975, c ite d  by Chassy 
and G iu f f r id a ,  1980). No increase in ly s in  s e n s i t iv i t y  was found fo r  
c e l ls  grown in media contain ing threonine. Although supplementation 
o f growth media w ith  threonine was reported to  increase the s e n s i t iv i t y  
o f la c t ic  acid bacteria  to  lysozyme (Chassy and G iu f f r id a ,  1980) close 
sc ru tiny  o f these workers' re su lts  reveals th a t the e f fe c t  o f th is  amino 
acid is  s t ra in  dependent; supplementation increased the resistance o f 
three s tra ins  to  ly s is .  I t  may be s ig n i f ic a n t  th a t  data has not been 
published showing th a t  threonine increases the s e n s i t iv i t y  o f  la c t i c  
streptococci to  lysozyme. In a study concerned w ith  acetaldehyde formation, 
Lees and Jago (1976) found high leve ls  o f threonine aldolase a c t i v i t y  
in c e l l - f r e e  ex trac ts  o f Group N s trep tococc i. Although th is  enzyme, 
which cleaves threonine to  form acetaldehyde and g lyc ine , was found in
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other la c t ic  ac id bacteria  studied, lower enzyme a c t iv i t ie s  were usually 
found. I t  is  possib le tha t the high threon ine-a ldo lase a c t i v i t y  o f Group 
N streptococci may re s u lt  in  threonine supplementation o f growth media 
being less e f fe c t iv e  in preventing peptide c ro s s - l in k in g  than w ith  other 
ba c te r ia l groups. Supplementation o f  media w ith  ly s in e ,  however, did 
increase the s e n s i t i v i t y  o f la c t ic  streptococci to phage ly s in .  Although 
Chassy and G iu f f r id a  (1980) found a s im i la r  e f fe c t  fo r  la c t ic  acid bacteria 
w ith lysozyme, the mechanism was not reported. Since lys ine  is  a 
constituen t o f the peptidoglycan o f  la c t ic  s treptococci (S c h le ife f  and 
Kandler, 1967) i t  is  conceivable th a t a high concentration o f  th is  compound 
in the external environment could i n h ib i t  peptide c ro s s - l in k in g ,  perhaps 
by in h ib i t in g  enzymes involved in  lys ine  add it ion  to  growing peptide 
chains.
Several workers have reported th a t  the basal medium in  which c e l ls  
are grown can in fluence th e i r  s e n s i t iv i t y  to lysozyme (Chassy, 1976; 
Klaenhammer et 1978). This was also found fo r  4"C2(W) ly s in .  Freeze- 
drying markedly increased the s e n s i t iv i t y  o f Group N streptococc i to 
ly s in .  The increase in s e n s i t iv i t y  was shown not to  be due to  freezing 
and is  probably a consequence o f the drying process. That drying increased 
the s e n s i t i v i t y  o f la c t ic  streptococci to  phage ly s in  has also been found 
by Oram and R eite r (1965). With E, colt B, however, storage in the frozen 
s ta te  was required to  produce c e l ls  o f high s e n s i t iv i t y  o f  phage T4 
lysozyme (Tsugita et at., 1968).
Hydrolysis o f  bac te r ia l c e l l  walls  by h yd ro ly t ic  enzymes frequen tly  
re su lts  in  ove rt c e l lu la r  ly s is .  In many instances c e l l  wall removal 
is  required w ithou t c e l lu la r  l y s is ,  e.g. p ro top las t fus ion techniques 
and osmotic s ta b i l is e rs  such as sucrose must be added to  ly s is  bu ffe rs .
I t  is  des irab le  there fore  th a t a c e l l  wall degrading enzyme should be
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active  in  sucrose concentrations required fo r  p ro top las t s ta b i l is a t io n .
The phage ly s in  was not in h ib ite d  in 0.5 M sucrose, which has been widely 
used fo r  th is  purpose. Lysozyme, however, is  in h ib i te d  w ith  sucrose 
concentrations o f  0.25 M (Neujahr et dl,  ^ 1973).
These re su lts  s trongly suggest th a t  4€2(W) ly s in  should be o f  greater 
value than lysozyme fo r  c e l l  wall removal in la c t ic  s trep tococc i.  
Nevertheless, s t ra in  dependant d iffe rences in s e n s i t iv i t y  were apparent 
w ith th is  agent (p l54)as w ith  lysozyme. The phage contamination present 
in enzyme preparations could pose problems in ce r ta in  circumstances. 
However, 4>C2(W) does have a narrow host range and prov id ing hosts fo r  
th is  phage are not grown in  the labora tory the phage contamination present 
in ly s in  preparations should not present serious d i f f i c u l t i e s .  In th is  
context i t  is  in te re s t in g  to  note th a t phage lys ins  havetbeen used to 
l ib e ra te  c e l l  wall bound proteases in la c t i c  streptococci (Thomas, Jarvis 
and Skipper, 1974).
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SUMMARY
The e f fe c ts  o f c u ltu ra l and other fa c to rs  on the s e n s i t iv i t y  o f 
Str. laotts C2 and some other la c t ic  streptococci to <jjC2(W)-induced ly s in  
were stud ied. Cells  from the logarithm ic  phage were lysed at a fa s te r  
ra te  than those from the s ta t iona ry  phase. The la t t e r  were lysed u lt im a te ly  
to  a s im i la r  ex te n t,  however. A u to ly t ic  a c t i v i t y  was not shown to 
con tr ibu te  to  ly s in  s e n s i t iv i t y ;  the growth stages a t which c e l ls  showed 
highest ly s in  s e n s i t iv i t y  and maximum a u to ly t ic  a c t i v i t y  were d i f fe re n t .
The carbohydrate source used had a marked e f fe c t  on ly s in  s e n s i t iv i t y .  
Glucose y ie lded the most sens it ive  c e l ls ,  and gluconate the leas t sens it ive  
c e l ls .  Growth on media contain ing L - ly s in e ,  L-threonine and/or a mixture 
o f both d id not re s u lt  in c e l ls  o f markedly increased ly s in  s e n s i t iv i t y .  
Small increases in  ly s in  s e n s i t iv i t y  were found fo r  c e l ls  grown on lys ine . 
Growth in media contain ing sub-lethal concentrations (0 .1-0 .15 lU/ml) 
o f  p e n ic i l l in  G markedly increased the s e n s i t iv i t y  o f Str, laotts s tra ins  
C2 and CIO and str, diaoetylaotts DRC2 to  ly s in .  The basal medium in 
which c e l ls  were grown also influenced ly s in  s e n s i t iv i t y .  PLGYG broth 
y ie lded  the most suceptible c e l ls  o f C2 to  ly s is .  Ml7 b ro th , however, 
y ie lded the most sens it ive  c e l ls  o f DRC2 to  ly s in .  Cells recovered from 
MRS broth were cons is ten t ly  less sens it ive  to ly s is  than c e l ls  obtained 
from other media. Incubation temperatures o f 22°C or 30°C had no 
s ig n i f ic a n t  e f fe c t  on lys in  s e n s i t iv i t y .  Marked increases in ly s in  
s e n s i t iv i t y  were found fo r  freeze-dried  c e l ls .  Frozen c e l ls  had a s im i la r  
l y t i c  ra te to  unfrozen con tro ls .  L y t ic  ra te  o f 0C2(W) ly s in  was apparently 
unaffected by using sucrose a t a concentration o f  0.5 M as an asmotic 
s t a b i l i s e r .
CHAPTER 4
ISOLATION AND EVALUATION OF THE PHAGE RESISTANCE OF 
LYSIN-RESISTANT MUTANTS OF GROUP N STREPTOCOCCI
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INTRODUCTION
The hazards o f  phage in fe c t io n  in  cheese manufacture p a r t ic u la r ly  
in fa c to r ie s  using s in g le -s tra in  s ta r te rs  are well known. One so lu tion  
to th is  problem is  the use o f phage-resistant mutants. I t  is  noteworthy 
th a t the use o f 'phage-immune v a r ia n ts ' was suggested in  the f i r s t  paper 
on la c t ic  streptococcal phages (Whitehead and Cox, 1935) as a method 
fo r  u l t im a te ly  overcoming phage problems in cheesemaking.
A ll bac te r ia l populations contain small numbers o f spontaneously 
occurring phage-resistant mutants. The presence o f phage-resistant mutants 
in populations o f la c t ic  streptococci has been reported. Variants ranging 
from 0-66.2 cfu per 1 x 10^ to ta l  c fu have been found by Prouty and Pari sot 
(1957). Robertson (1960) found s tra in s  o f  la c t ic  streptococci to contain 
phage-resistant mutants ranging from 1.5 to 1643 cfu per 1 x 10^ to ta l  
c fu . Recently Marshall and Berridge (1976) found phage re s is ta n t variants  
ranging from 5 to 2735 cfu per 1 x 10^ to ta l  cfu in populations o f Group 
N s tre p to co cc i.
The in a b i l i t y  o f a phage to re p l ic a te  on mutant bacteria  may be 
due to  a m ult itude o f fac tors  inc lud ing  loss o f receptor s ites  (Adams,
1959) loss o f s p e c if ic  DNA uptake s ites  (porins) on the c e l l  membrane 
(Braun, 1978) and resistance o f the c e l l  wall to phage lys ins  (B ru m fit t ,  
1960; Oram and R e ite r, 1968; R e ite r ,  1973; Marshall and Berridge,
1976).
L i t t l e  is  known o f the mechanisms involved in  the penetration o f  
Gram-positive bacteria  by phage. Phage fo r  Gram-positive bacteria  f i r s t  
encounter a peptidoglycan s tru c tu re  to  which other components such as 
techoic acids and polysaccharides are cova len tly  attached. Is is  generally  
accepted tha t DNA present in  the phage head must f i r s t  traverse the wall
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before i t  can gain entry to  the cytoplasm. Because many phages have 
l y t i c  a c t i v i t y  due to l y t i c  enzymes a lleged ly  contained in or on the 
t a i l ,  a ro le  fo r  phage t a i l  ly s in  in  penetration o f  the host wall to 
produce a channel through which DNA can trave l to  the membrane seems 
p la us ib le . Evidence fo r  the ro le  o f  phage lys ins  in the in fe c t iv e  process 
was presented by B rum fit t  (1960). This worker reported th a t a mutant 
o f  Miarococaus lysodeikttcus which was re s is ta n t  to  hen egg lysozyme 
(E .C .3 .2 .1 .17) was also re s is ta n t  to  both phage t a i l  ly s in  and phage. 
B rum fit t  suggested th a t the resistance o f the mutant to phage was due 
to the in a b i l i t y  o f  the phage enzyme to  make a channel through the c e l l  
wall to  a llow  DNA e je c t io n . Phage t a i l  ly s in  may also be involved in  
the in fe c t io n  o f la c t ic  s treptococc i by phage. The receptor fo r  4ML3 
is  located on the c e l l  membrane (Oram and R e ite r, 1968; Oram, 1971) 
and i t  has been suggested (Oram and R e ite r ,  1968) th a t access o f  th is  
phage to  i t s  receptor s i te  requires the p r io r  penetration o f the wall 
by the l y t i c  enzyme associated w ith  the t a i l .  In view o f the discovery 
o f  holes in the c e l l  wall o f  a Str, lactts s tra in  through which protrusions 
o f  the c e l l  membrane were observed (Hurst and Stubbs, 1969) the c e l l  
membrane may already be ava ilab le  to  phages fo r  str, lactts. In a recent 
study o f seven phage-resistant mutants, Marshall and Berridge (1976) 
found th a t  adsorption o f  phage homologous fo r  the parent s tra in  s t i l l  
occurred fo r  three s tra in s .  Because o f  th is  observation the authors 
in fe rre d  th a t resistance was due to  the in a b i l i t y  o f phage ly s in  to break 
down the c e l l  wall and allow DNA in tro d u c t io n . As proof f o r  th is  hypothesis 
the former authors offered the observation th a t the lys is - fro m -w ith o u t 
o f  two o f  the mutants could not be induced by phage homologous to  the 
parent.
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Because o f the apparent involvement o f phage lys ins  in  DNA 
in trodu c t ion  Reiter (1973) has suggested tha t la c t ic  streptococci which 
are re s is ta n t  to  phage ly s in  should also be re s is ta n t to phage. Although 
d e f in i t i v e  evidence fo r  the ro le  o f  phage lys ins  in DNA in trodu c t ion  
is  not a va i la b le , i t  has been suggested th a t lys ins  are involved in  the 
release o f  phage from in fected  c e l ls  (Ralston et al,, 1955; Jacob and 
Fuerst, 1958; Ralston et al,, 1961; Mukai et al,, 1967). Nevertheless 
there are phage-host systems in which phage-induced lys ins  have not been 
demonstrated (Markert and Z i l l i g ,  1965; Zinder, 1965). I f  phage lys ins  
are involved in the e x i t  o f phage from in fected bacteria  then i t  can 
be argued th a t ly s in - re s is ta n t  bacte r ia  should be phage-resistant even 
i f  lys ins  are not involved in  DNA in tro d u c t io n . The mechanism of res istance 
in  th is  case can be envisaged as an entrapment process in  which in t r a c e l lu la r  
phage production occurs but release o f mature v irus  can not take place 
because the c e l l  wall is  re s is ta n t  to  ly s is  by phage ly s in s .
I f  ly s in - re s is ta n t  la c t ic  streptococc i are phage-resistant as 
suggested by Reiter (1973) t h e i r  use may overcome po ten tia l problems 
associated w ith  other types o f  phage-resistant mutants. When fo re ign  
DNA enters a c e l l ,  i t  is  usua lly  destroyed by the c e l ls  r e s t r ic t io n  system. 
R e s tr ic t io n  involves the degradation o f fo re ign  DNA by host endonucleases. 
Because re s t r ic t io n  provides p ro tec t ion  against phage attack the development 
o f s t ra in s ,  using genetic engineering techniques, has been suggested 
as one approach to producing phage-resistant s ta r te r  s tra ins  (Erickson,
1980). Several workers have shown th a t r e s t r ic t io n  systems in  la c t ic  
streptococci can be inac tiva ted  by holding c e l ls  a t elevated temperatures, 
e.g . 40°C (Pearce, 1978; Sanders and Klaenhammer, 1980). Because o f 
the heat s e n s i t iv i t y  o f these systems i t  is  p laus ib le  tha t the heat 
treatments used in the scald ing stage o f some cheese v a r ie t ie s  may render 
r e s t r ic t io n  systems inoperative and re s u l t  in  phage a ttack. Phage
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resistance can also be produced by a mutation a l te r in g  the nature of 
the receptor s i te .  Such mutants occur re a d i ly  in the la c t ic  s trep tococc i.  
Three such varian ts  have been described recen tly  (Marshall and Berridge,
1976). However, such varian ts  may be sen s it ive  to phages to  which the 
parent s tra in  was o r ig in a l ly  in se n s it ive  (Hunter, 1947; C o l l in s ,  1958).
In th is  section experiments were undertaken to iso la te  ly s in - re s is ta n t  
la c t ic  streptococci and to  determine th e i r  s e n s i t iv i t y  to  phage. Apart 
from the possible in d u s tr ia l  s ign if ica nce  o f  th is  work, i t  was envisaged 
th a t  the re su lts  obtained would be he lp fu l in  c la r i f y in g  the ro le  o f 
phage lys ins  in  the phage-induced ly s is  o f Group N s trep tococc i.
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MATERIALS AND METHODS 
CULTURES AND BACTERIOPHAGES
The species id e n t i ty  and the o r ig in s  o f the cu ltu res and phage 
used have been described prev ious ly  (p20 and p99).
MEDIA AND PROPAGATION CONDITIONS
Strains were grown in PLGYG broth and maintained in th is  medium 
as described prev iously  (p20) unless stated otherwise.
ISOLATION OF VARIANTS OF LACTIC STREPTOCOCCI RESISTANT TO EITHER 
(f>C2(W) LYSIN OR LYSOZYME
P a r t ia l ly  p u r i f ie d  ly s in  was obtained by ion-exchange chromatography 
(p l25) and was subjected to  u l t r a f i l t r a t i o n  using the M i l l ip o re  PSVP 
membrane (pl29) to obtain a preparation w ith  a reduced phage concentra tion. 
L y t ic  enzyme preparations were f i l t e r  s te r i l i s e d  using a syringe mounted 
f i l t e r  o f pore size 0.45 pm. Highly p u r i f ie d  ly s in  preparations could 
not be. used because the f i l t e r s  (ce llu lose  acetate and polycarbonate) 
bound the enzyme present in  such preparations. Plates containing 300 
u/ml o f ly s in  (actual ly s in  concentra tion) were prepared by adding 2 
ml o f f i l t e r  s te r i l is e d  ly s in  to  8 ml o f molten PLGYG agar or g lycero­
phosphate milk agar designated GMA (Limsowtin and Terzaghi, 1976) contained 
in  a standard 8.5 cm diameter p e tr i  d ish . The ly s in  was added to  the 
p e tr i  dish ju s t  before the agar s ta rted  to  gel and the contents were 
c a re fu l ly  mixed. Care is  required since the ly s in  is  heat la b i le  and 
exposure to  high temperatures must be c a re fu l ly  con tro lled  to  avoid 
dénaturation and loss o f  a c t i v i t y .  Agar media contain ing s te r i le  lysozyme 
(Sigma Chemicals) were prepared in a s im i la r  manner. A ll operations 
were performed in  a laminar f low  cabinet to  minimise the p o s s ib i l i t y
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of contamination occurring. Plates were a i r  dried fo r  1 h in  the laminar 
f low  cab inet, w ith  the a i r  f low  on, and the l id s  p a r t ia l ly  removed. At 
th is  time the plates o f media were inoculated w ith 0.1 ml o f a la te  
s ta t iona ry  phase PLGYG c u ltu re .  The inoculum was spread over the surface 
w ith  a s te r i le  'hockey s t i c k '  and incubated a t 3Q°C. In a l l  experiments 
contro l p la tes , to which c u ltu re  had not been added, were incubated under 
s im i la r  conditions to ensure th a t the lysozyme and phage ly s in  preparations 
were s te r i le  and tha t contamination had not occurred. The p la tes conta in ing 
ly s in  contained about 5 x 10^ - 1 x 10^ pfu/ml o f  0C2(W).
SENSITIVITY OF VARIANTS TO 4C2(W)-INDUCED LYSIN
Isolated colonies were picked o f f  agar plates conta in ing phage 
ly s in  or lysozyme and were used to  inocu la te  9 ml o f PLGYG. In some 
experiments the broth also contained 300 u/ml o f phage ly s in  or lysozyme 
(500 or 1000 pg/ml). Broth media were incubated a t 30°C u n t i l  good growth 
was evident.
Most is o la te s ,  prov id ing th a t they ac tu a lly  grew, demonstrated 
sa t is fa c to ry  growth a f te r  14-20 h incubation but some colonies required 
longer incubation up to  72 h. When s a t is fa c to ry  growth had occurred 
0.1 ml o f active  cu ltu re  was used to inoculate a fu r th e r  10 ml o f  PLGYG.
In some experiments lysozyme or phage ly s in  was added to the broth to 
maintain the se lec tive  pressure and help reduce the p o s s ib i l i t y  o f back 
mutation to ly s in  .s e n s i t iv i ty .  A f te r  6 h incubation at 30°C the c e l ls  
were harvested and th e i r  s e n s i t i v i t y  to  ly s in  determined as described 
previously (p24) except th a t ,  in some instances, higher ly s in  concentrations 
were used. For comparison, con tro l experiments were also performed to  
determine the s e n s i t iv i t y  o f  the parent cu ltu re s , grown under s im i la r  
cond it ions , to phage ly s in .
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SENSITIVITY OF VARIANTS TO BACTERIOPHAGE
Immediately p r io r  to c e n tr i fu g a t io n ,  0.2 ml o f cu ltu re  was removed. 
The phage s e n s i t iv i t y  o f th is  cu ltu re  was then determined (p23).
CARBOHYDRATE FERMENTATION
Variants were grown in  PLGYG broth and used to inoculate tubes 
o f basal medium (p21) conta in ing a range o f carbohydrate-type substrates 
as described prev ious ly  (p21). Tubes were examined a t in te rv a ls  over 
a 72 h period a t 30°C fo r  evidence o f acid production.
ANTIBIOTIC SENSITIVITY OF LYSIN-RESISTANT VARIANTS
A disc assay was used. Assay media were prepared by adding 0.1 ml 
o f a la te  s ta t iona ry  phase cu ltu re  to 10 ml o f molten (47°C) PLGYG agar 
contained w ith in  a standard 8.5 cm diameter p e tr i  d ish. The contents 
were c a re fu l ly  mixed and allowed to  harden on a level surface. Aqueous 
so lu tions o f polymyxin B, a m p ic i l l in ,  p e n ic i l l in  G, streptomycin sulphate 
and neomycin were prepared. A n t ib io t ic  assay discs (Whatmans; Maidstone, 
Kent) o f diameter 6 mm were dipped in to  solu tions containing a n t ib io t ic s ,  
shaken free o f excess l iq u id ,  and applied to the surface o f inoculated 
p la tes. Assay media were incubated at 30°C fo r  24 h. At th is  time the 
diameter o f the in h ib i t io n  zones, i f  present, was measured.
ANTIBIOTICS
Streptomycin sulphate, neomycin, a m p ic i l l in  and polymyxin B were 
obtained from Sigma. P e n ic i l l in  G was obtained from BDH Ltd.
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RESULTS
LYSIN SENSITIVITY OF PHAGE-RESISTANT VARIANTS OF Str, laatis C2
S ing le -s t ra ins  of  l a c t i c  streptococci have been shown to  be heterogenous 
in the sense tha t  they contain var iants  which d i f f e r  in such respects as 
milk protein u t i l i s a t i o n ,  carbohydrate u t i l i s a t i o n  and phage s e n s i t i v i t y  
( fo r  a review see Lawrence et al,  ^ 1978). That populations o f  l a c t i c  
streptococci maintained a t  t h i s  labora tory  also contained phage-resistant  
var iants is apparent from the data shown in Table 4.1. The s t ra ins  studied 
contained from <1 to 400 var iants  per 2 x 10^ cfu. I f  l y s in - r e s i s ta n t  
var iants are phage-resistant i t  i s  l i k e l y  tha t  l y s in - re s is ta n t  var iants  
should ex is t  in a populat ion of phage-resistant mutants. This p o s s i b i l i t y  
was studied by growing 30 phage-resis tant  C2 var iants in PLGYG broth and 
determining t h e i r  s e n s i t i v i t y  to <l>C2(W)-induced lys in .  The var iants  were 
obtained from secondary growth a r is in g  on double agar plates o f  02 which had 
prev iously shown confluent l y s is  and were checked fo r  phage s e n s i t i v i t y .
The mutants were re s is ta n t  to tj)C2(W) and <f)ML3. No l y s in - r e s is ta n t  iso la tes  
were found.
USE OF ■ PHAGE LYSIN AS A SELECTIVE AGENT FOR ISOLATING LYSIN- 
RESISTANT MUTANTS
The previous resu l ts ,  suggested tha t  the frequency o f  C2 var iants  
which were both l y s in  and phage-resis tant  was low, i f  they existed a t  a l l ,  
and attempts were made to use the phage-induced lys in  as a se lec t ive  agent 
to iso la te  l y s in - r e s i s ta n t  mutants.
ISOLATION OF LYSIN-RESISTANT MUTANTS OF C2
Plates of  PLGYG were prepared containing about 300 u/ml o f  #C2(W)- 
induced lys in  using the method described on page 222. The agar contained
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Table 4.1
Phage-resistant va r ian ts *  present in cu l tu res of l a c t i c  streptococci
Stra in Number of  var iants  in 1 x l O ^  cfu
C2 140
C7 200
SCI 400
SKll <1
1957 400
992 27
1299 27
1022 2
1271 3
1249 400
986 10
1246 300
Cl 200
*Resistant to  t h e i r  homologous phage.
227
7 8about 10 - 10 pfu/ml of <f>C2(W). In a series of experiments plates
o
containing l y s in  were inoculated with about 2 x 10 cfu of  la te  s ta t io na ry  
phase cultures o f  C2 which were spread over the surface o f  the p la te  with 
a s te r i l e  'hockey s t i c k ' .  In some experiments s ingle colony iso la tes  of  C2 
were also used. In some instances one to ten colonies were apparent a f t e r  
24 h incubation a t  30°C. However, at 48 h, colonies were usua l ly  present 
and ranged in number from 0-100 per p la te .  S imilar resu l ts  were obtained 
i f  a s ingle colony iso la te  was used. Over a period of  a year, about 200 
colonies were picked o f f  a range o f  plates and grown in  PLGYG broth a t  30°C. 
About 150 iso la tes  exh ib i ted good growth cha rac te r is t ics  in PLGYG and were 
examined fo r  s e n s i t i v i t y  to  l y s in .  In general a l l  iso la tes  tested were more 
res is tan t  to l y s is  than the parent s t ra in ,  however, some iso la tes  were as 
sensi t ive to l y s i s ,  and in ce r ta in  instances more sens i t ive  than the parent 
s t ra in .  Typical data are presented in Figure 4.1. About 25 iso la tes  
exh ib i t ing  ly s in  response curves s im i la r  to C2LR04 were examined fo r  
s e n s i t i v i t y  to 4€2(W), 4^12 and 4ML3. A l l  the iso la tes tested f a i l e d  to 
propagate 4C2(W) or 4>ML3, but were sensi t ive to 4712. These resu l ts  
apparently suggest tha t  l y s in - r e s i s ta n t  mutants of C2 do not propagate 
4C2{W) or 4ML3. However, the l y s in  preparations contained high leve ls  o f  
4C2{W) and the p o s s i b i l i t y  tha t  the se lect ion of both l y s in  and phage- 
res is tan t  mutants was tak ing place simultaneously existed.
ISOLATION OF C2 MUTANTS RESISTANT TO HEN EGG LYSOZYME
In the absence o f  l y s in  preparations free from 4C2(W) an attempt was 
made to f ind  another l y t i c  enzyme which had a s im i la r  act ion on c e l l  wal ls  
to the 4C2(W)-induced l y s in .  The phage enzyme is  a glycosidase tha t  appears 
to attack the muramic acid l inkage in the peptidoglycan (p\"' t ) and thus 
appears to have a s im i la r  s p e c i f i c i t y  to hen egg lysozyme. I f  mutants of  
C2 could be iso la ted  which were re s is ta n t  to l y s is  by the hen egg enzyme ■
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Figure 4.1 Action o f  p a r t i a l l y  p u r i f i e d  0C2(W) l y s in  on var iants  
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and also re s is ta n t  to  <l>C2(W)-induced l y s in  then th e i r  phage s e n s i t i v i t y  
could be evaluated without the complicat ion of se lec t ive e f fec ts  which might 
operate i f  a l y s in  preparation containing 4^2(W) were used. In pre l im inary  
experiments PLGYG plates were prepared containing 5, 10, 100, 500 and 1000 
pg/ml o f  s t e r i l e  lysozyme respect ive ly .  In these experiments three plates
Q
f o r  each enzyme concentrat ion were inoculated with about 2 x 10 cfu of la te  
s ta t iona ry  phase C2 c e l l s  and incubated at  30°C fo r  72 h. At in te rv a ls ,  
plates were examined fo r  growth (Table 4 .2 ) .  Confluent growth was present 
on a l l  plates contain ing enzyme concentrat ions in the range 5-100 pg/ml at 
24 h. Colonies were present on one plate  containing 500 pg/ml o f  lysozyme 
at 24 h and by 72 h colonies were present on a l l  three p la tes.  At 72 h 
colonies ranged from about 30-100 (excluding p in -po in t  co lon ies) .  On one 
p la te ,  there were numerous p in -po in t  colonies whose size did not increase 
with continued incubation. Colony numbers on the 1000 pg/ml p la tes were 
always considerably lower than those on the plates containing 500 pg of  
lysozyme. At 72 h colonies on the 1000 pg/ml leve l plates ranged from 0-20.
A range o f  colonies w qS picked o f f  plates containing 500 and 1000 pg/ml 
o f  hen egg lysozyme and grown in PLGYG broth. In most experiments the broth 
was supplemented with  500 or 1000 pg/ml of lysozyme in order to  e l iminate  
the growth of  sens i t ive  var iants  which could ar ise from back mutation i f  
the se lec t ive  pressure was removed. In general colonies took 3-4 days to 
grow in PLGYG - many colonies fa i le d  to grow. Once growth had been in i t i a t e d  
i t  was usua l ly  more rapid on t rans fe r .  Many iso la tes ,  however, fa i l e d  to 
grow on the second subculture. Lysin s e n s i t i v i t y  studies were performed 
on 6 h (1%, 30°C) cu l tu res .  In general a l l  iso la tes tested were less 
sens i t ive  to fC2(W) l y s in  than the parent s t ra in .  On the basis o f  the lys in  
s e n s i t i v i t y  data three var iants  were found which were v i r t u a l l y  res is tan t  
to l y s is  (Figure 4 .2 ) .  These var iants were tested fo r  s e n s i t i v i t y  to 
fC2(W), fML3 and f712. A l l  var iants propagated <1»C2(W), fML3 and f712.
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Table 4.2
Effect o f  lysozyme (E .C .3 .2 .1 .17) add i t ion to PLGYG agar^^^ 
on the growth o f  str. laotis C2
Lysozyme concentrat ion (mg/ml)
Growth at
5 10 100 500 1000
24 h CG CG CG . 1 + -
28 h CG CG CG 2+ 1 +
72 h CG CG CG 3+ 2+
(1) 3 plates fo r  each concentrat ion of  enzyme were prepared and
inoculated wi th  about 1 x 10# c fu .
CG confluent growth on a l l  p la tes .
+ iso lated colonies present; p re f ix  gives number o f  plates 
showing growth.
no growth.
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Figure 4.2 Action of p a r t i a l l y  pu r i f ied  4>C2(W) l y s in  
on lysozyme (E.C.3.2.1 .17) res is tan t  var iants o f  Str,
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These resu l ts  c lea r ly  show tha t  l y s in  and phage resistance are not corre lated 
fo r  C2.
EFFECT OF GROWING Str, lacUs C2 ON DIFFERENT CARBOHYDRATE SUBSTRATES 
ON THE TITRE OF cf)C2(W)
I t  has been shown that  cer ta in  carbohydrate containing media (p i99) 
y ie ld  c e l ls  which are r e la t i v e l y  re s is ta n t  to l ys in .  This f ind ing suggested 
tha t  the phage s e n s i t i v i t y  o f  c e l l s  grown in gluconate, fo r  example, which 
y ie lds  c e l l s  r e la t i v e l y  res is tan t  to  l y s i s  compared with c e l l s  grown in 
glucose (sensi t ive  to l y s in )  could provide fu r th e r  information concerning 
the re la t ionsh ip  between lys in  and phage s e n s i t i v i t y  fo r  C2. The resu l ts  
(Table 4.3) revealed tha t  c e l l s  derived from the d i f f e re n t  substrates gave 
s im i la r  t i t r e s  o f  fC2(W). These re su l ts  also suggest tha t  lys in  and phage 
resistance are not corre lated fo r  C2.
ISOLATION OF LYSIN-RESISTANT MUTANTS OF Str, lactis CIO
Further experiments were undertaken to obtain information concerning 
the re la t ionsh ip  between lys in  and phage s e n s i t i v i t y  fo r  other la c t i c  
s t rep tococc i .
PLGYG agar was prepared conta in ing about 300 u/ml of  lys in  as described 
prev ious ly , and inoculated with about 2 x 1 0 ^  cfu of  la te  s ta t ionary  phase 
c e l l s  of  CIO. The inoculum was spread over the surface using a s te r i le  
r igh t-angled glass rod. In some experiments single colony isolates were 
also used. Plates were incubated at  30°C and examined at in te rva ls  over 
a 72 h period. Colonies were ra re ly  v i s ib le  at  24 h, however, by 72 h at 
least  one colony was present on one out o f  every s ix  inoculated plates. At 
72 h the number of colonies present on plates varied from 0-75. On some 
instances minute p in -po in t  colonies were also found. S imi lar  numbers o f ,  
colonies were found in cul tu res obtained from single colony iso la tes .  About
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Table 4.3
E f fec t  o f  growing str. lact'is C2 on d i f f e r e n t  carbohydrate 
substrates on the t i t r e  o f  ^C2(W)
Carbohydrate pfu/ml
Glucose 5 X 109
Gluconate 3 x 1 0 ^
Lactose 4 x 1 0 ^
Galactose 5 x 10^
Cells were grown in PLGYG broth in which glucose was subst i tu ted fo r  the 
carbohydrate ind icated. Late s ta t iona ry  phase cu l tu res were then used to 
assay a 4>C2(W) preparation using PLGYG agar.
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200 colonies were picked o f f  l y s in  containing plates and grown in PLGYG 
broth at 30°C overnight (18 h) . Lysin s e n s i t i v i t y  tests were performed 
on washed 6 h log phase c e l ls  suspended in phosphate bu f fe r .  In general the 
iso la tes  tested were more re s is ta n t  to l y s is  by the phage enzyme than the 
parent s t ra in .  Variants were found which were r e la t i v e l y  res is tan t  to 
4>C2(W)-induced ly s in .  Typical data are shown in Figure 4.3. I t  is  apparent 
tha t  several iso la tes were v i r t u a l l y  l y s in - r e s i s ta n t ,  e.g. CIO-MB and CIO- 
1012. Two variants CIO-MA and CIO-MC which gave l y s in  response curves 
s im i la r  to CIO-MB and 010-1012 were unstable,and f a i le d  to grow in PLGYG 
broth a f t e r  two t rans fe rs .  The s e n s i t i v i t y  of the iso la tes to a range o f  
phage is  presented in Table 4.4. For comparison the l y t i c  rate o f  the 
iso la tes  is  also presented. Of the 11 iso la tes  tested seven retained 
s e n s i t i v i t y  to the four typing phages. Amongst these iso la tes were the two 
var iants  (ClO-03 and CIO-MB) which were least sens i t ive to l y s is  by the phage 
enzyme. Two of  the seven iso la tes  gave a weak l y t i c  react ion wi th *010 
and ^ML8(1). Of the four remaining iso la te s ,  three (010-1010, 010-1012, 
010-1015) gave no l y t i c  reaction wi th *SK3 but retained s e n s i t i v i t y  to *010, ■ 
4>ML8(1) and *ML8(W) and one (010-1014) gave no l y t i c  reaction with e i th e r  
4>SK3 or ^ML8(W) but retained s e n s i t i v i t y  to both *010 and *ML8(1). I f  the 
l y s is  rate of the iso la te  010-1014 which has lo s t  s e n s i t i v i t y  to *ML8(1) 
and 4SK3 is  compared wi th  tha t  o f  other CIO var iants  which retained 
s e n s i t i v i t y  to  a l l  four  typ ing phages, e.g. 010-MB, 010-03, i t  is  apparent 
tha t  these l a t t e r  s t ra ins  are considerably more res is tan t  to l y s i s .  This 
f in d in g  suggests tha t  ly s in  resistance and phage resistance are not corre la ted 
f o r  str. Zaoti-s 010.
The iso la tes were re tested fo r  s e n s i t i v i t y  to the typing phages and 
s im i la r  resu l ts  were obtained. The typing was also repeated with selected 
s t ra ins  which had been grown fo r  several t ransfers  in PLGYG contain ing added
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Figure 4.3 Action o f  p a r t i a l l y  pu r i f ied  ^C2(W) lys in  
on var iants o f  str. lactis CIO
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Table 4.4
S e n s i t i v i t y  o f  l y s in - r e s i s ta n t  var iants o f  Str. laot'is CIO
to bacteriophage
Strain L y t i c  Rate O.D./min
(1)
Phage
4C10 *ML8(1) 4SK3 *ML8(W) *C2(W) *712
Cl 0-1010 0.005 + + - +
ClO-1014 0.010 + + - -
ClO-1012 0.002 + - +
ClO-1017 0.045 + + + +
ClO-1015 0.116 + + - +
Cl 0-1011 0.231 + + +
ClO-1013 0.03 + + +
ClO-1016 0.1 + + + +
ClO-03 0.004 + + + +
Cl 0-04 0.115 {+) (+) + +
CIO-MB 0.003 ( + ) (+) + +
CIO
(1 ) re fe r  to
1.2 
Figure 4.1
+
f o r  d e ta i l s .
+ + +
a + sign ind ica tes  l y s i s ;  a - sign no ly s is  and (+) a weak l y t i c  reaction,
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l y s in .  The ob ject ive was to maintain the se lect ive pressure and prevent 
back mutation to  a sens i t ive var ian t .  These experiments also y ie lded s im i la r  
resu l ts  to  the previous experiments. In repeat experiments very s l i g h t  
zones of l y t i c  a c t i v i t y  were cons is tent ly  obtained when 4^10 and 0ML8(1) 
were spotted onto double agar plates seeded with CIO-MB and ClO-04. These 
resul ts  suggested tha t  phage-host in teract ions were occurr ing which were 
not revealed by the typing procedure used. In an attempt to obtain more 
in formation, CIO-MB and Cl0-04 were used to t i t r e  both phage preparations 
(Table 4 .5 ) .  For comparison several other var iants were also studied.
The explanation fo r  the s l i g h t  zones of  l y t i c  a c t i v i t y  found w i th  «l>C10 and 
0ML8(1) on CIO-MB and Cl0-04 is  apparent. Only very low phage t i t r e s  were 
found with e i th e r  s t ra in .  The prac t ica l  s ign if icance o f  th is  f ind ing  is 
tha t  Cl0-04 and CIO-MB are less sensi t ive to 4^10 and 4ML8(1) than the other 
s t ra ins  tested - hence the weak l y t i c  reactions found. I t  is  noteworthy 
tha t  some o f  the other var iants  gave phage t i t r e s  s ig n i f i c a n t l y  d i f f e r e n t  
from the parent s t ra in .  Strain Cl0-1012 plated both phages more e f f i c i e n t l y  
than CIO. The s i tu a t io n  was reversed fo r  ClO-1017.
The p o s s ib i l i t y  tha t  d i f ferences in phage adsorption could expla in the 
f a i l u re  of  ClO-04 and CIO-MB to plate #ML8(1) and 4^10 less e f f i c i e n t l y  
than CIO was considered. S im i lar  adsorption of  4>ML8(1) occurred to both 
Cl0-04 and CIO, thereby disproving th is  hypothesis at leas t  f o r  ^ML8(1) 
and Cl0-04 (Table 4 .6 ) .  A reduced level of adsorption was found wi th  
ClOrMB, however, th i s  level  o f  reduction would be un l ike ly  to expla in the 
lower EOF o f  ^ML8(1) on CIO-MB.
ISOLATION OF LYSIN-RESISTANT MUTANTS OF Str. lactis ML8
Attempts were made to iso la te  l y s in - re s is ta n t  var iants  o f  str. lactis 
ML8 using 0C2(W) ly s in  as a se lec t ive agent w i th  the methods described
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Table 4.5
T i t res  o f  #ML8(1) and 4>C10 on l y s in - r e s is ta n t  mutants 
o f  str. laotis CIO
pfu/ml
Stra in <})C10 fM18( l)
ClO-1017 5 X 10^ 1 X 10^
ClO-1012 17 X 10^ 13 X 10^
ClO-1014 12 X 10^ 6,8 X io7
ClO-1010 7 X 10^ 6.4 X 10^
CIO-MB 1.3 X 10^ 1.8 X 10^
Cl 0-04 1 X 10^ 1.61 X 10^
CIO-P 10 X 10^ 4 X 10^
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Table 4.6
% Adsorption o f  fML8(l) to l y s in - r e s is ta n t  mutants 
o f  Stv. taoti^ s Cl 0
Stra in  % Adsorption
CIO-MB 71
Cl 0-04 97
CIO 95
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previously . I t  was considerably more d i f f i c u l t  to  obtain growth o f  ML8 
var iants  than wi th  CIO or C2. In most instances no colonies were observed 
on plates containing l y s in  a f t e r  72 h incubation at  30°C. On some plates 
50-100 p in -po in t  colonies were present. From previous observations of  
p in -po in t  colonies on CIO and C2 plates i t  was considered tha t  these colonies 
would be u n l ik e ly  to grow in PLGYG. This was confirmed f o r  a small number 
( f i v e )  o f  p in -po in t  co lonies. Eventual ly about ten colonies growing on 
agar containing l y s in  in the size range 0.5-1 mm (72 h, 30°C) were found, 
t ransferred in to  PLGYG broth and examined fo r  s e n s i t i v i t y  to  l y s in .  A 
select ion o f  the resu l ts  obtained is  shown in  Figure 4.4. As with  C2 and 
CIO most o f  the iso la tes  were less sens i t ive  to l y s is  than the parent and 
some iso la tes  were more sens i t ive to l y s is  - ML8-09. The two var iants  
found to be the leas t  sens i t ive  to ÿC2(W)-induced l y s in  (ML8-01, ML8-04) 
were not as re s is ta n t  to l y s is  as many o f  the CIO and C2 var iants  tested.
This does not necessar i ly  mean tha t  ML8 var iants  in general are less 
res is tan t  to the phage l y s in  than the other s t ra ins  tested since only a 
small number o f  ML8 var iants  were studied. The s e n s i t i v i t y  o f  ML8-01 and 
ML8-04 to phage is  shown in Table 4.7. Both var iants  re tained s e n s i t i v i t y  
to the typing phages.
PROPERTIES OF LYSIN-RESISTANT VARIANTS
Since l y s in - r e s i s ta n t  var iants o f  Group N streptococci  have not been 
described prev ious ly  attempts were made to p a r t i a l l y  characterise a 
l im i ted  number o f  CIO and C2 var iants .  The charac te r isa t ion  studies were 
connected with (a) a n t i b i o t i c  s e n s i t i v i t y ;  (b) fermentat ion of  
carbohydrates; (c) growth in RSM and (d) l y s in  s t a b i l i t y .
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Figure 4 .4 Action o f  p a r t i a l l y  p u r i f ie d  $C2(W) ly s in  on
v a r ia n ts  o f  Str, lactis ML8
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Table 4.7
S e n s i t i v i t y  o f  l y s in - r e s i s ta n t  var iants o f  str, lact€s ML8
to bacteriophage
Phage
Strain
(j)ML8(l) 4ML8(W) <f>SK3 OWMl 4»C2(W)
ML8“ 01 + + + + “
MLB-04 + + + +
MLB + + + + -
a + sign ind icates ly s is  o f  a host; a - indicates no ly s is .
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S e n s i t i v i t y  to  a n t ib io t i c s
The s e n s i t i v i t y  of  the var iants to polymyxin, a m p ic i l l i n ,  p e n i c i l l i n  
G, streptomycin and neomycin was determined using a disc assay method. A l l  
s t ra ins  tested gave no zone o f  i n h ib i t i o n  with 50 ID of  polymyxin and 1 lU 
o f  p e n i c i l l i n  G. The resu l ts  obtained are summarised in Table 4.8. Of the 
four CIO var iants  studied,  three gave s im i la r  q u a l i t a t i v e  resu l ts  fo r  
a n t ib io t i c  s e n s i t i v i t y  to  the parent s t ra in .  ClO-1010 was insens i t ive  to 
2.0 lU of  p e n i c i l l i n  G. I f  the magnitude of the diameter o f  the in h ib i t i o n  
zone is  accepted as provid ing a quan t i ta t ive  estimate of the s e n s i t i v i t y  
o f  a s t ra in  to an a n t i b i o t i c ,  then di f ferences in a n t i b i o t i c  s e n s i t i v i t y  
are apparent between the CIO var iants and the parent cu l tu re .  A l l  the 
var iants  gave la rge r  zones of  in h ib i t i o n  with a m p ic i l l i n ,  p e n i c i l l i n  G 
(except ClO-1010 which was re s is ta n t ) ,  streptomycin and neomycin than CIO 
suggesting tha t  they were more sensi t ive to i n h ib i t i o n  by these agents.
This was p a r t i c u l a r l y  noteworthy fo r  ClO-1010 with  neomycin.
Only two C2 var iants  were studied. Both var iants  gave s im i la r  resu l ts  
to the parent cu l tu re  except C2-PL which had acquired s e n s i t i v i t y  to 300 lU 
of  polymyxin.
Sugar fermentat ion
The a b i l i t y  o f  the var iants  to ferment a range o f  carbohydrates was 
determined (Table 4 .9 ) .  A l l  the var iants  with the exception o f  C2-1003 had 
s im i la r  carbohydrate fermentat ion patterns to the parent s t ra in s .  C2-1003 
fa i le d  to ferment maltose even on extended incubat ion.
Growth in m i lk
For a l a c t i c  streptococcal s t ra in  to be o f  value in the da i ry  
fermentat ion indus try  i t  must grow ra p id ly  in m i lk .  The a b i l i t y  o f  the
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l y s in - r e s i s ta n t  mutants to grow in mi lk  was determined by inocula t ing 
s t e r i l e  RSM tempered to 30°C with a 1% inoculum of the respective var ian t .  
Growth was assessed by measuring the pH a f te r  6 h incubat ion. In these 
experiments la te  s ta t ionary  phase PLGYG broth cu l tu res were used fo r  
inocula t ion ra ther  than cul tu res which had been prev ious ly  grown and 
accl imatised to m i lk .  This pract ice was not possible because many of the 
var iants  would not grow in th is  medium. The resu l ts  obtained are shown in 
Table 4.10. Of the four CIO var ian ts ,  three produced l i t t l e  pH change in 
RSM a t  6 h ind ica t ing  tha t  they did not grow w e l l .  The remaining va r ian t ,  
C10-M3 produced s u f f i c ie n t  acid to give a pH of  5.65 showing tha t  i t  grew 
f a i r l y  wel l  in  m i lk .  However, none o f  the CIO var iants  grew as well  as 
the parent s t ra in  which atta ined a pH o f  about 5.2 a f t e r  6 h incubation at 
30°C.
One o f  the C2 var iants also showed poor acid production in m i lk ,  
g iv ing a pH of  about 6.3 a f t e r  6 h. The remaining s t r a in ,  C2-1003, grew 
f a i r l y  vyell producing a pH of  5.65 a t  6 h. This f ig u re  is lower ( ind ica t ing  
more acid production) than the value o f  5.73 obtained fo r  the parent s t ra in  
on th is  occasion. However, th is  value o f  5.73 was not typ ica l  fo r  C2. In 
previous and in repeat experiments in which C2 was grown in RSM p r io r  to 
performing the a c t i v i t y  t e s t ,  th is  s t ra in  cons is ten t ly  gave 6 h pH values 
o f  less than 5.3. These resu l ts  show tha t  in general l y s in - r e s i s ta n t  var iants 
grow poor ly  in m i lk .  Neverthe less, two of  the var iants  tested did grow 
f a i r l y  wel l suggesting tha t  i t  might be possible to i so la te  l y s in - r e s is ta n t  
mutants which had s im i la r  a c id i f i c a t i o n  rates in m i lk  to  the parent s t ra in .
Limsowtin and Terzaghi (1976) have described a medium designated 
GMA which permits the d i f f e r e n t i a t i o n  o f  fa s t  and slow acid producing 
s t ra ins .  GMA was prepared containing 300 u/ml of l ys in  and used to iso la te  
C2 var ian ts .  The resu l ts  of a typ ica l  experiment are shown in Table 4.11.
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Table 4.10
Acid production by l y s in - r e s i s ta n t  mutants 
in reconst i tu ted skim milk
Strain pH^^) at
C2 5,73
C2-PL 6.27
C2-1003 5.65
CIO 5.18
ClO-1010 6.13
CIO-MB 5.65
C10-1014 6.11
C10-1012 6.11
(1 ) RSM (10% TS) was inoculated with 1% cu l tu re  and incubated at 3Q°C
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Table 4.11
Use of GMA containing phage lys in  to iso la te  
fa s t  acid producing var iants
Stra in Plate number
Number of var iants  and colony size
Large Small Pin-point
C2 1 5 23
2 0 7 -
3 0 2 12
CIO 1 0 - >50
2 0 - >50
3 0 - >50
O
Late s ta t iona ry  phase c e l l s  (about 1 x 10 c fu)  were spread onto GMA 
containing 300 p/ml o f  phage ly s in .
249
In the experiment shown, f i v e  colonies were obtained with a s im i la r  colony
morphology to C2. When these colonies were inoculated in to  3 ml of  RSM
coagulat ion of  mi lk  occurred by 18 h a t  22°C. These f ind ings are typ ica l  
o f  fa s t  acid producing s t ra ins .  The s e n s i t i v i t y  of the iso lates to ly s in  
was determined and two var iants  C2LRM1 and C2LRM2 were found which exh ib i ted 
s e n s i t i v i t y  curves s im i la r  to Cl0-1012 (Figure 4 .3 ) .  A c t i v i t y  tests 
revealed tha t  both iso la tes gave a lower pH in RSM a f t e r  6 h at 30°C 
compared with C2 (Table 4.12).  These resu l ts  ind ica te  tha t  the changes 
which confer ly s in  resistance to C2 do not necessar i ly  re su l t  in mutants
which have lo s t  the a b i l i t y  to grow in mi lk  at a fa s t  rate.
S t a b i l i t y  o f  l ys in  resistance in l y s in - r e s i s ta n t  mutants
I f  l y s in - re s is ta n t  mutants are to be o f  commercial value i t  is 
desirable tha t  they should re ta in  resistance in the absence of  se lect ion 
pressure. Most of  the iso la tes  tested lo s t  l y s in  resistance and reverted 
to  l y s in  s e n s i t i v i t y  a f t e r  three to f i v e  t rans fe rs  (1% inoculum, 22°C, 18 h) ,  
however, one iso la te  C2PLRM1 retained s e n s i t i v i t y  f o r  19 transfe rs at which 
po in t  the experiment was discontinued.
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Table 4.12
Acid production by l y s in - r e s i s ta n t  C2 var iants
iso la ted from GMA
Stra in pH* at
02 5.25
C2LRM1 5.0
C2LRM2 ■ 4.95
* fo r  experimental de ta i ls  see Table 4.10.
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DISCUSSION
Populations of Stv, laotis 02 and some other streptococci were shown 
to be heterogeneous in the sense tha t  they contained phage-resistant 
var ian ts .  I f  l y s in - re s is ta n t  var iants  o f  02 are phage-resistant then a 
proport ion of  phage-resistant var iants  would be expected to be l y s in -  
re s is tan t .  Prel iminary experiments with phage-resistant mutants o f  02 
fa i l e d  to f ind  ly s in - re s is ta n t  va r ian ts .  Several explanations fo r  these 
f ind ings are p lausib le. The frequency o f  l y s in - re s is ta n t  mutants may be 
much lower than fo r  other mutations and i t  might have been necessary to 
te s t  larger numbers of  mutants. Secondly a proport ion of  the var iants 
studied may have been l y s in - r e s i s ta n t  but reverted to lys in  s e n s i t i v i t y  
under the tes t  condi t ions. This is u n l ik e ly  since the te s t  procedure used 
v i r t u a l l y  precluded th is  p o s s ib i l i t y .  Of course, i t  is  also possible tha t  
resistance to ly s is  by 4^2(W)-induced ly s in  and s e n s i t i v i t y  to phage are 
not corre lated.
Using phage ly s in  as a se lec t ive  agent l y s in - re s is ta n t  var iants  of 
02 were iso la ted.  These mutants did not propagate 4ML3 and 4^2(W) but 
were sensi t ive to <1>712. Two explanations fo r  these resu l ts  were considered, 
F i r s t l y  l y s in - re s is ta n t  c e l l s  of  02 were res is tan t  to 4ML3 and <f>02{W) 
because the ce l l  wal ls were re s is ta n t  to degradation by the phage-induced 
lys ins  (both phage produce ly s in s )  whereas 4^12 used a d i f fe re n t  mechanism 
to obtain the e x i t  o f  mature vi rons from infected c e l l s .  The second 
explanation concerned the high level  o f  «f>02(W) pa r t ic les  present in the 
l y s in  preparations which were used to select fo r  ly s in - in s e n s i t i v e  var iants  
Because of  the phage present, the p o s s ib i l i t y  existed tha t  the simultaneous 
select ion of both phage and l y s in - r e s i s ta n t  mutants was occurr ing. 
fML3 and 4>712 d i f f e r  in several respects inc luding the location 
of t h e i r  phage receptors on ML3, which is  now known to be c lose ly  re la ted
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to C2 (Davies et al., 1981). Oram and Reiter (1958) found tha t  0712 has a 
receptor on the c e l l  wal l whereas 0ML3 adsorbs to the ce l l  membrane. The 
independence of  the genetic contro l  o f  0ML3 and 0712 phage receptors was 
demonstrated using two phage-resistant  mutants; both were res is tan t  to  0ML3 
but retained s e n s i t i v i t y  to 0712. Thus the select ion of  mutants re s is tan t  
to 0ML3 and sens i t ive  to 0712 would be compatible with the resu l ts  of  the 
former workers; 0C2(W) may also a<\sorb to the ce l l  membrane. Recently 
Gasson (Dr. M. Gasson, N . I .R .D .)  informed the author o f  s im i la r  experiments 
(unpublished) in which he used 0ML3 ly s in  (Oram and Rei te r , 1955) to iso la te  
ly s in - r e s is ta n t  var iants o f  stv. laotis ML3 which is  c lose ly  re la ted to C2. 
Variants were found which were ly s in  re s is ta n t  and also res is tan t  to 0ML3 
but not to 0712. Because his l y s in  preparation was contaminated wi th  0ML3 
Gasson concluded tha t  simultaneous se lect ion o f  l ys in  and phage-resistant 
mutants was probably occurr ing.
Since lysozyme is  a N-acetylmuramidase and 0C2(W) lys in  appears to 
have the same substrate s p e c i f i c i t y  i t  was envisaged tha t  mutants re s is ta n t  
to  lysozyme would also be re s is ta n t  to 0C2(W) ly s in .  This hypothesis was 
confirmed and provided an oppor tun ity  to assess the phage s e n s i t i v i t y  o f  
l y s in - r e s is ta n t  var iants  o f  C2 w ithout  the complication of  se lect ive e f fec ts  
which may have operated in previous experiments. Since lysozyme-resistant 
var iants  retained s e n s i t i v i t y  to  fC2(W) and fML3 i t  is  highly probable tha t  
simultaneous select ion of. l y s in  and phage-resistant  mutants occurred in the 
previous experiments. Further evidence tha t  lys in  s e n s i t i v i t y  and phage 
resistance were not corre la ted fo r  C2 was provided by the f ind ing tha t  the 
FOP of  <j>C2(W) was not s i g n i f i c a n t l y  d i f f e r e n t  on c e l l s  grown on media 
containing d i f fe re n t  carbohydrate type substrates.  I t  had been previously  
establ ished ( p i 99) tha t  c e l l s  grown in gluconate were re la t i v e l y  re s is ta n t  
to  l y s is  compared wi th  c e l l s  grown on glucose fo r  example.
253
Lys in - res is tan t  mutants o f  CIO and ML8 were also iso la ted and were 
shown not to be u n ive rsa l ly  phage-resistant as predicted by Reite r  (1973). 
Certain CIO var iants acquired resistance to one or two of  the typ ing phages. 
This was u n l ik e ly  to be connected with l y s in  resistance because two of  the 
most insens i t ive  s t ra ins  to l y s in  s t i l l  retained s e n s i t i v i t y  to the four  
typing phages tha t  the parent propagated. These f ind ings probably r e f l e c t  
the va r ia t ion  in phage s e n s i t i v i t y  which can ex is t  in iso la tes  from s t ra ins  
of l a c t i c  streptococci (Limsowtin et al.  ^ 1978). Two CIO va r ian ts ,  CIO-MB 
and C10-04, were p a r t i c u la r l y  in te res t in g  since they plated two o f  the 
typing phages a t  low e f f i c ie n c y .  These resu l ts  may be due to the possession 
o f  m o d i f i c a t io n / re s t r i c t io n  systems. The presence o f  m o d i f ica t ion /  
r e s t r i c t i o n  systems operating w i th in  var iants o f  the same l a c t i c  
streptococcal s t ra in  has been reported (Limsowtin e t  #7., 1978).
The resu l ts  of  th i s  study have shown tha t  the l y s in - in s e n s i t i v e  
s t ra ins  o f  Str. laotis are not re s is ta n t  to phage and disprove the hypothesis 
o f  Reiter (1973) tha t  such s t ra ins  should be res is tan t  to  phage.
I f  lys ins  are involved in the release of phage from in fected bacter ia  
as discussed in the In t roduc t ion ,  why do l y s in - re s is ta n t  s treptococci re ta in  
s e n s i t i v i t y  to phage? Lysin production may not be essential f o r  e i th e r  
ce l l  wal l penetrat ion nor the release of  phage from infected c e l l s .  Since 
phage-induced l y t i c  enzymes have not been found in an E. ooli fX174 system 
by Markert and Z i l l i g  (1965), or in a Corynehaoteriim diphtheriae system by 
Natkin (1962) or in various RNA phage-host systems (see the review by 
Zinder, 1965), l y s in  production is  apparent ly not essential f o r  penetrat ion 
and m u l t ip l i c a t io n ,  at  leas t  in  some phage-host systems. Since v i r t u a l l y  
no l y t i c  a c t i v i t y  was found in  f712 lysates by Oram and Reite r (1965) or 
by the author i t  is  not inconceivable tha t  lys ins are not involved in the 
e x i t  o f  $712 from infected c e l l s .
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A fte r  studying the k in e t ic s  o f endolysin (a phage-induced ly s in )  in 
three induced lysogenic s tra in s  o f E. oolij Groman and Suzuki (1963) found 
th a t endolysin production seemed to  co rre la te  well w ith  the k in e t ic s  o f phage 
release. One o f t h e i r  s t ra in s ,  however, displayed ly s is  in h ib i t io n  a t 44°C 
although lys ing  normally a t 37°C. Because endolysin accumulated under 
conditions o f ly s is  in h ib i t io n  they questioned whether the production o f 
phage-induced l y t i c  enzymes are an absolute requirement fo r  the release 
o f phage. The authors suggested th a t  a change in membrane pe rm eab il i ty  
which would a l te r  the osmotic s t a b i l i t y  and re s u lt  in  c e l l  ly s is  might be 
a common feature in  a l l  cases o f phage-induced ly s is .
Groman and Suzuki (1966) attempted to  te s t  th e i r  hypothesis by adding 
sperm ine to cu ltu res o f  E. ooli in fec ted  with three d i f fe re n t  phages: 
a double stranded DNA phage - X C50, a s ing le  stranded DNA phage - fX174 
and a double stranded RNA phage - f ^ .  Spermine is  a polyamine which can 
s ta b i l is e  protop lasts and spheroplasts, inc lud ing those o f Str, lactis 
s tra in s ,  in d i s t i l l e d  water (Tabor, 1962; Grossowicz and A r ie l ,  1963;
Groman and Suzuki, 1966; Erskine, 1970). Spermine s ta b i l ise d  two o f the 
phage-host systems, the fX174 and fg systems a t concentrations ranging from 
2 X 10  ^ to 4 X 10 ^ M but fa i le d  to s ta b i l is e  X-infected c e l ls  at
_ 9
concentrations up to 8 x 10" M. S ta b i l is a t io n  was shown by the use o f  
op tica l density  measurements and in  the re ten t ion  o f mature phages in 
structures (presumably in fec ted  bac te r ia ) sedimentable a t low speed. These 
re s u lts ,  as the authors acknowledged, fa i le d  to  completely.support t h e i r  
hypothesis, but suggest th a t membrane pe rm eability  changes may be involved 
in  the release o f phage from, a t le a s t ,  some infected c e l ls .
Erskine (1970) reported th a t the add it ion  of spermine to cu ltu res  o f 
Str. laotis ML3 in fected w ith phage protected the c e l ls  from ly s is .
Although Groman and Suzuki (1966) found tha t th is  agent s ta b i l is e d  phage-
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in fected c e l ls  by preventing the release o f mature virons from osm otica lly  
s ta b i l is e d  c e l ls  Erskine (1970) could f in d  no evidence tha t mature v irons 
were present or th a t the ly s is  in h ib i t io n  e f fe c t  was due to osmotic 
s ta b i l is a t io n .
I t  is  also possib le th a t  a l y t i c  agent other than $C2(W) ly s in  is  
present in  $C2(W) lysates and i t  is  th is  agent which promotes c e l lu la r  
ly s is  and release o f phage from Str. laotis C2. I f  th is  enzyme has a 
d i f fe re n t  s p e c i f ic i t y  than $C2(W) ly s in ,  e.g. i f  the glucosamine linkage is  
attacked or the peptide po rt ion  o f the peptidoglycan is  hydrolysed the 
changes which confer resistance to $C2(W) ly s in  may not then re s u l t  in  
resistance to ly s is .  However, no evidence fo r  another l y t i c  enzyme was 
obtained in  crude lysates or lysates concentrated by u l t r a f i l t r a t i o n  and 
fra c t iona ted  by gel f i l t r a t i o n .  In th is  context i t  must also be noted th a t 
on ly one type o f  l y t i c  agent was found in  phage lysates o f la c t i c  
streptococci by Oram and R eite r (1965) or T o u rv i l le  and Tokuda (1967). In 
add it ion  the f in d in g  by Goepfert and Naylor (1967) th a t a phage-induced 
peptidase type enzyme fa i le d  to. lyse lysozyme-resistant c e l ls  suggests tha t 
cross resistance to l y t i c  enzymes can occur. The p ro b a b i l i ty  o f  such an 
enzyme ex is t in g  is  the re fo re  low.
Data has been presented in  Chapter 2 concerning the f a i lu r e  to 
demonstrate l y t i c  a c t i v i t y  w ith  high t i t r e  preparations o f $C2(W) or to 
is o la te  a l y t i c  enzyme from p a r t ic le s  o f $C2(W). These f ind ings  combined 
w ith  the phage s e n s i t i v i t y  o f ly s in - re s is ta n t  streptococci are cons is tent 
w ith  a dispensable ro le  o f  $C2(W) ly s in  in  the in fe c t io n  and release of 
•$C2(W) p a r t ic le s  from in fec ted  c e l ls  o f Str. laotis C2.
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I f  phage-induced l y t i c  enzymes are dispensable in  the release o f 
mature virons from in fec ted  c e l ls  i t  is  necessary to  reconsider the f ind ings  
o f B rum fitt (1960) and Marshall and Berridge (1976).
B rum fit t  (1960) reported th a t  a mutant of M. lysodeiktious (LRl) 
which was re s is ta n t  to  lysozyme fa i le d  to  propagate phages N1 and N4. In 
view o f the re su lts  obtained w ith  the CIO var ian ts , the s implest explanation 
fo r  B ru m f it t 's  re su lts  is  th a t h is mutant was re s is ta n t to phage fo r  some 
other reason than the i n a b i l i t y  o f phage t a i l  ly s in  to degrade the c e l l  wall 
and permit DNA e je c t io n . I t  is  unfortunate tha t LRl was not tested against 
other phages to determine i f  i t  was un ive rsa lly  phage re s is ta n t .  Secondly 
i t  is  regrettableth a t B ru m fit t  d id not iso la te  other lysozyme-resistant 
mutants to determine whether p h a g e - in se n s it iv i ty  was t r u l y  a p roperty  o f 
such mutants. In the absence o f th is  information the author suggests th a t  
B ru m fit t 's  re su lts  can be explained by h is  chance se lection  o f  a mutant tha t 
Wct'i both lysozyme and phage re s is ta n t .
Since Marshall and Berridge (1976) used phage to se lect fo r  phage- 
re s is ta n t varian ts  i t  is  probable th a t simultaneous se lection  o f both ly s in  
and phage-resistant c e l ls  could have occurred.
I f  l y t i c  enzymes are not essentia l to  the l y t i c  process i t  is  v a l id  
to consider what value the a b i l i t y  o f a phage to induce lys in -p ro d u c t io n  
by in fected host c e l ls  has to the v iru s .  Groman and Suzuki (1963) speculated 
th a t ly s in  production has a se le c t ive  value fo r  a phage since the a b i l i t y  
to destroy the c e l l  wall could re s u l t  in  a more e f f i c ie n t  release and 
dispersal o f phage. I f  th is  is  accepted as a working hypothesis then 
lys in-producing phages would be expected to have a markedly fa s te r  
re p l ic a t io n  ra te , due to  a reduced la te n t  period perhaps, compared w ith  
non-lysin producers. Since the la te n t  period and burst s ize o f  $C10-1 and
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$C10-11 (both produce ly s in )  and «f>C10-lll, which does not produce ly s in ,  
are s im ila r  (Keogh, 1973) and the re p l ic a t io n  rates of *C2(W) and 4>712 in  
broth are also s im i la r  (Figures 1.9 and 1.10) the data ava ilab le  fo r  Group 
N streptococcal phages do not support Groman and Suzuki's hypothesis.
Although the ly s in - re s is ta n t  varian ts  studied by the author propagated 
phage, the use o f ly s in - in s e n s i t iv e  s tra ins  in paired or m u l t i - s t r a in  
cu ltu res may give r is e  to  cu ltu res o f  increased resistance to  phage 
in fe c t io n ;  i f  a component s t ra in  was in fected with a lys in-produc ing phage 
the remaining s tra in s  should continue to  produce acid provided^ th a t  they 
are inse ns it ive  to  ly s in .  In th is  context the data presented in  Chapter 1 
showed th a t such an approach can re s u l t  in  cu ltures of increased resistance. 
L ys in - insen s it ive  s tra in s  may be obtained by selecting spontaneous mutants 
from cu ltu res o f la c t i c  streptococci or by selecting established s tra ins  
which are ly s in  in s e n s it iv e ,  e.g. AM2, US3, or DRC2. I f  mutation is  used 
the cu ltu re  selected should grow in  m ilk  a t a fa s t  ra te and ly s in  resistance 
should be stable to  repeated sub -cu ltu r ing .
Lysozyme and phage-resistant c e l ls  of M. lysodeiktious were found to 
have a reduced growth ra te  compared w ith  the parent (B ru m fi t t ,  I960).
Because o f th is  observation th is  worker suggested tha t the changes which 
confer resistance to  lysozyme ( in  th is  case ace ta la t ion  o f  -OH groups) 
re s u lt  in c e l ls  w ith  an impaired growth c a p a b i l i ty .  Although the m a jo r i ty  
o f ly s in - re s is ta n t  s treptococci selected a t random in  th is  study had a 
reduced a c id i f ic a t io n  ra te in  RSM compared with the parent s t ra in ,  fa s t  acid 
producing var ian ts  were iso la ted  using GMA. This f in d in g  shows th a t  the 
changes in  c e l l  wall composition which re s u lt  in resistance to  phage ly s in  
do not necessarily  impair growth and acid production in m ilk .  Marshall 
and Berridge (1976) described two varian ts  which were re s is ta n t  to  ly s is -  
from-without and which grew a t a fa s t  rate in  m ilk .  I f  i t  is  accepted th a t
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the fa i lu re  o f these mutants to lyse was due to a change in c e l l  wall 
composition which resu lted  in  c e l ls  re s is tan t to the phage t a i l  ly s in  then 
th is  report can be accepted as add it iona l evidence tha t ly s in  resistance 
does not necessarily  re s u l t  in  a reduced growth response in  m ilk .
Phage-resistant va r ian ts  o f  la c t ic  streptococci have frequen tly  
been shown to be unstable and to reve rt to phage s e n s i t iv i t y  (Whitehead 
and Cox, 1936; Czulak and Naylor, 1956; Lawrence g t aZ., 1976; Lawrence 
et 1978) presumably due to back mutation. Although the m a jo r i ty  o f 
the ly s in - re s is ta n t  va r ian ts  were unstable and lo s t  resistance to ly s in  
re a d i ly ,  one mutant maintained resistance fo r  19 transfe rs  suggesting th a t  
i t  may be possible to  is o la te  stable ly s in - re s is ta n t  va r ian ts .
In general the a n t ib io t ic  s e n s i t iv i t y  and the a b i l i t y  to  ferment 
carbohydrates o f  the va r ian ts  were s im i la r  to the parents. M ilk  fre que n tly  
contains a n t ib io t ic s  (Walker et aZ-., 1981). Because o f the increased 
s e n s i t iv i t y  o f some var ian ts  to  ce rta in  a n t ib io t ic s  i t  would be desirab le to 
te s t  a l l  ly s in - re s is ta n t  var ian ts  fo r  a n t ib io t ic  s e n s i t iv i t y  p r io r  to  use 
as cheese s ta r te rs .  I t  is  in te re s t in g  tha t one o f the procedures used in  
New Zealand to se lect replacement s tra ins  fo r  cheesemaking is  s e n s i t i v i t y  
.to a n t ib io t ic s  (Lawrence et al.  ^ 1978).
I t  is  o f in te re s t  to  speculate on the changes in ce l l  wall composition 
which could re s u lt  in  resistance to ly s is  from phage ly s in .  Data is  
ava ilab le  describ ing the c e l l  wall modifications th a t re s u l t  in  resistance 
to lysozyme. Since lysozyme and $C2(W) ly s in  both appear to  be n- 
acetylmuramidases the changes which confer resistance to  lysozyme probably 
also give resistance to the phage ly s in .  Support fo r  th is  hypothesis comes 
from the f in d in g  th a t C2 var ian ts  which were re s is ta n t to lysozyme were 
also re s is ta n t to  phage ly s in .  Resistance to ly s is  by lysozyme has been 
a tt r ib u te d  to acé ty la t io n  o f ce l l  wall hydroxyl groups (B ru m fit t  et dl.^
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1958; B ru m fit t ,  1950); the presence of N-non-substituted glucosamine 
residues (Hayashi et dl.  ^ 1973); a high degree o f peptide c ro s s - l in k in g  
(Strominger and Ghuysen, 1968) or the attachment to the peptidoglycan 
o f polymers such as techoic acid (Mandelst<&#\and Strominger, 1961) or 
polysaccharide (Krause and McCarty, 1961).
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SUMMARY
Experiments were undertaken to iso la te  variants o f Str. laotis 02 
and some other streptococci which were re s is tan t,  or r e la t iv e ly  in s e n s it iv e ,  
to ly s is  by $C2{W)-induced ly s in  and to determine the phage s e n s i t i v i t y  o f 
any variants  found. Using phage ly s in  as the se lec tive  agent, ly s in  
re s is ta n t va r ian ts  o f 02 were iso la ted . Such variants  occurred a t low 
frequency (<1-100 cfu per 2 x 10^ cfu) and were re s is ta n t  to  #02(W) and 
ML3 but re ta ined s e n s i t i v i t y  to $712. Because the se lec t ive  agent also 
contained p a r t ic u la te  phage, the p o s s ib i l i t y  tha t simultaneous se lec tion  o f 
ly s in  and phage re s is ta n t  va r ian ts  was occurring ex is ted. The f in d in g  th a t  
lysozyme (E .0 .3 .2 .1 .17 ) re s is ta n t  variants o f 02 were also re s is ta n t  to 
$02(W)-induced ly s in  enabled the evaluation of the phage s e n s i t i v i t y  of 
ly s in  re s is ta n t mutants w ithou t the complication o f the re la t iv e  e ffe c ts  
which may have operated when phage ly s in  was used. The lysozyme and phage 
ly s in - re s is ta n t  var ian ts  reta ined s e n s i t iv i t y  to <J>02(W), #ML3 and 4712 
showing th a t ly s in - re s is ta n t  mutants were not u n iv e rs a lly  phage re s is ta n t .  
That ly s in - re s is ta n t  var ian ts  were not necessarily phage re s is ta n t  was also 
confirmed fo r  var ian ts  o f str. laotis 010. The s ign if icance  o f these 
resu lts  in eva luating the ro le  o f $02(W)-induced ly s in  in  the l i f e  cycle 
o f <j)02(W) is  discussed.
P a rt ia l cha rac te r isa tion  o f some ly s in - re s is ta n t  var ian ts  w ith  
respect to  a n t ib io t ic  s e n s i t iv i t y ,  fermentation o f carbohydrates, growth 
in  RSM and s t a b i l i t y  o f ly s in  resistance was undertaken. Although the 
m a jo r ity  o f ly s in - in s e n s i t iv e  variants  had a considerably reduced a b i l i t y  
to grow in RSM, fa s t  acid producers could also be iso la ted  using 
glycerophosphate m ilk  agar. The m a jo r ity  of variants  were unstable and 
reverted, a f te r  several t ra n s fe rs ,  to lys in  s e n s i t iv i t y .  One v a r ia n t ,  
however, re ta ined resistance to  $C2(W) lys in  fo r  19 tra ns fe rs  (1% inoculum,
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16 h, 22°C) in  RSM at which po in t the experiment was stopped. In general 
the s e n s i t iv i t y  o f var ian ts  to  a n t ib io t ic s  and th e i r  a b i l i t y  to  ferment 
carbohydrates were s im i la r  to the parent s tra ins . The use o f ly s in -  
inse ns it ive  s tra ins  in  paired and m u lt i - s t ra in  cu ltu res fo r  cheesemaking 
is  discussed.
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